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II. 1.  EXECUTIVE  SUMMARY 


In  Parc  I  of  this  program,  Al-Li  alloys  8090-T3  and  2090-T81,  and  Al 
alloy  2219  (Campers  T851  and  T37)  were  CesCed  for  compacibilicy  wich  liquid 
oxygen  using  pressurized  mechanical - impact  apparatuses  ac  two  NASA 
laboratories,  Marshall  Space  Flight  Center  (MSFC)  and  White  Sands  Test 
Facility  (WSTF).  Specimens  and  data  from  tests  at  Santa  Susana  Field 
Laboratory  (SSFL),  Rocketdyne,  on  alloy  2090-T81  were  supplied  by  ALCOA. 
Pressurized  mechanical* impact  data  on  alloy  WL049-T351  were  produced  by 
WSTF.  In  addition,  WSTF  conducted  open-cup  mechanical- impact  and  promoted- 
combustion  tests  on  all  of  these  alloys.  Results  and  analyses  of  these 
tests  are  included  as  Part  I  of  this  report. 

In  Part  II  of  this  program,  selected  tempers  of  alloys  8090,  2090, 
WL049,  and  2219  were  tested  in  modified  open-cup  and  pressurized  mechanical- 
impact  equipment  at.  WSTF.  Drop  height  (potential  energy),  pressure,  and 
environment  (liquid  oxygen,  LOX  and  gaseous  oxygen,  GOX)  were  varied  in 
these  tests.  Additional  promoted-combustion  tests  were  also  conducted  at 
WSTF. 


Reactions,  ranging  in  size  from  those  that  could  be  observed  with  the 
naked  eye  to  those  that  required  use  of  the  scanning  electron  microscope 
(SEM),  were  identified  in  all  alloys.  Those  that  require  little  or  no 
magnifying  power  to  view  are  labeled  macroreactions;  those  that  require  the 
use  of  optical  microscopy  or  SEM  are  called  microreactions.  Al-Li  alloys 
had  more  macroreactions  than  2219;  2219  had  more,  or  an  equivalent  number  of 
microreactions  than  each  of  the  Al-Li  alloys.  Al-Li  alloys  were  superior  to 
2219  in  flammability  in  the  presence  of  GOX,  as  measured  in  the  promoted- 
combustion  tests.  Therefore,  within  the  ability  of  the  current  tests  to 
discern  relative  compatibility  and  flammability  with  LOX  and  GOX,  the  Al-Li 
alloys  and  2219  must  be  judged  equally  acceptable  for  Advanced  Launch  System 
(ALS)  cryogenic  tankage. 

The  mechanical -impact  test  imparts  significant  deformation  (absorbed) 
energy  to  the  Al-alloy  specimens.  Axial  compression,  radial  shear,  and 
circumferential  tensile  (hoop)  stresses  are  all  of  the  order  of  magnitude 
required  to  fracture  the  specimen.  From  these  large  stresses,  most 
specimens  crack  internally  or  fracture  (split)  inwardly  from  the  perimeter. 
The  minimum  absorbed  energy  needed  to  induce  splitting  (tensile  failure)  in 
the  specimen  has  been  compared  to  the  minimum  absorbed  energy  needed  to 
Induce  reactions  in  the  specimen.  It  was  found  that  the  minimum  energy  to 
induce  fracture  was  less  than,  or  equal  to,  that  required  to  induce 
reactions.  Therefore,  mechanical  failure  will  precede,  or  usually  be 
attendant  with,  reactions  in  oxygen  environments. 

The  discovery  that  reactions  with  oxygen  occur  over  a  large  range  of 
sizes  emphasizes  an  inherent  ambiguity  in  the  definition  of  a  reaction  in 
mechanical -impact  tests.  Current  practice  of  accepting  only  visual 
observations  leads  to  inconsistencies  (reactions  may  be  overlooked  and  their 
observation  depends  on  proper  lighting  conditions).  The  size  of  reactions 
observed  in  these  tests  has  not  been  correlated  with  in-service  performance. 
Furthermore,  we  suggest  ten  modifications  to  the  current  NASA  NHB  8060. IB 
standard  for  mechanical- impact  tests  in  LOX  or  GOX;  these  changes  would 
reduce  the  large  disparity  in  test  procedures  that  exists  among  laboratories 
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ChaC  conduce  chese  cests.  In  summary,  Che  definition  of  a  reaction  is 
arbitrary  and  modifications  are  needed  to  ensure  closer  conformance  of 
testing  procedures.  For  these  reasons,  it  is  recommended  that  the  current 
open-cup  and  pressurized  mechanical -impact,  oxygen-compatibility  tests  not 
be  used  as  a  qualification  test  for  alloys  in  aerospace  applications. 
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I I. 2.  INTRODUCTION 


The  oxygen-compatibility  studies  reported  here  are  part  of  a  broader 
National  Institute  of  Standards  and  Technology  (NIST)  program  to  assess  new 
high-strength  Al-Li  alloys  for  use  in  the  cryogenic  tankage  of  the  Advanced 
Launch  System  (ALS).  This  program  is  sponsored  by  the  Air  Force  Systems  - 
Command,  Astronautics  Laboratory,  Edwards  Air  Force  Base,  with  Bao  Nguyen, 
Task  Manager.  It  is  part  of  the  Materials  and  Processes  Validation  (3101) 
of  the  Structures,  Materials,  and  Manufacturing  (3000)  portion  of  the  ALS 
Advanced  Development  Program. 

The  purpose  of  the  NIST  oxygen- compatibility  program  has  been  to  assess 
the  relative  compatibility  with  liquid  and  gaseous  oxygen  of  high-strength 
Al-Li  alloys  and  alloy  2219  for  use  in  ALS  cryogenic  tanks.  Program 
objectives  were:  (1)  to  provide  well -characterized  specimens  of  state-of- 
the-art  commercial  alloys  for  LOX  (liquid  oxygen)  and  GOX  (gaseous  oxygen) 
measurements  at  either  of  the  qualified  NASA  test  laboratories,  MSFC  and 
WSTF;  (2)  to  study  the  roles  of  intrinsic  material  variables,  such  as 
fracture  properties,  chemistry,  and  second  phase  particles,  on  ignition 
characteristics;  and  (3)  to  assess  the  extrinsic  test  variables,  such  as 
impact  energy,  pressure,  temperature,  and  specimen  size,  orientation,  and 
specimen  location  (within  the  specimen  cup  or  holder)  on  reaction 
tendencies . 

This  is  our  final  report  on  oxygen  compatibility  of  Al-Li  alloys.  Our 
interim  report  (original  date  of  issue  January  5,  1990)  is  being  reissued 
along  with  this  report,  and  is  referred  to  as  Part  I  in  this  report.  (Some 
typographical  errors  have  been  corrected  in  the  reissued  report,  dated  May 
25,  1990).  Cryogenic  mechanical  and  thermal  property  data  located  in 
Sections  1.3.3.  and  1.3.4.  of  Part  I  are  incorporated  and  updated  in  NIST 
reports,  "Comparative  Measurements  of  Cryogenic  Mechanical  Properties  of 
Al-Li  Alloys  and  Alloy  2219, 3 "  and  "Review  of  Cryogenic  Mechanical  and 
Thermal  Properties  of  Al-Li  Alloys  and  Alloy  2219. s" 

In  Part  II  of  this  program,  alloys  8090-T8771,  2090-T81,  WL049-T851  and 
T651,  and  2219-T87,  T851,  and  T37  were  tested  for  compatibility  with  liquid 
oxygen  using  the  open-cup  and  pressurized  mechanical- impact  facilities  at 
WSTF.  Both  the  open-cup  and  pressurized  tests  were  carried  out  with 
equipment  that  had  been  modified  as  a  result  of  the  investigations  in  Part 
I.  In  the  present  test  series,  drop  height  (potential  energy)  was  varied 
from  2  to  10  kg*m,  for  both  LOX  and  GOX  environments ,  and  pressure  ranged 
from  ambient  to  0.67  MPa  (100  psi).  Additional  promoted- combustion  tests 
were  conducted  at  WSTF. 

Analyses  and  interpretive  studies  of  the  WSTF  data  and  impact  specimens 
were  conducted  at  NIST-Boulder.  Chung-Chu  Wan  of  the  Aerospace  Corporation 
has  contributed  observations  on  impacted  specimens  using  the  scanning 
electron  microscope. 

In  this  report  the  new  series  of  open- cup  and  pressurized  mechanical - 
impact  data  from  tests  conducted  at  WSTF  are  discussed.  Conclusions  and 
recommendations  are  presented  that  compare  the  relative  compatibility  with 
oxygen  of  Al-Li  alloys  to  alloy  2219,  that  associate  the  energies  required 
for  reaction  in  Al  alloys  with  the  energies  required  for  mechanical  failure. 
We  suggest  that,  under  current  specifications,  the  mechanical -impact  test  is 
not  a  useful  qualification  test. 


3 


I I. 3.  MATERIAL  CHARACTERIZATION 


II.  3.1.  Inventory 

A  list  of  the  alloys,  suppliers,  dates  that  alloys  were  received  by 
NIST,  and  quantity  of  material  is  found  in  Table  II. 3.1.  .  This  report  (Part 
II)  covers  compatibility  tests  on  the  following  alloys:  8090-T8771,  2090- 
T81 ,  WL049  (T851  and  T651),  and  2219  (T87,  T851,  and  T37).  The  2219-T87 
with  the  lot  number  294592  was  used  for  the  oxygen  compatibility  testing, 
the  2219-T87  with  lot  number  484881  was  used  in  the  mechanical  testing 
reported  elsewhere.3 


II. 3. 2.  Chemical  Composition 

The  chemical  compositions  of  the  alloys,  as  furnished  by  the  material 
suppliers,*  are  given  in  Table  II. 3. 2.  All  compositions  fall  within  the 
Aluminum  Association  specifications  for  each  alloy.  The  WL049  alloy  does 
not  have  a  generic  specification  at  this  time,  and  is  commonly  termed 
Weldalite  049™-** 


II. 3. 3.  Microstructure  of  the  As-Received  Materials 

The  Interim  Report  (Section  1.3.5.)  included  microstructural 
characterizations  for  the  8090-T3,  2090-T81,  WL049-T351,  and  2219-T851  and 
T37  alloys.  Here,  the  as-received  microstructures  of  three  WL049  tempers 
[T851  (Lot  1).  T851  (Lot  2),  and  T651J  and  2219-T87  are  reported.  In 
addition,  data  on  the  number  and  volume  fraction  of  second  phase  particles 
for  all  alloys  with  T8  tempers  are  presented. 

The  microstructures  of  the  WL049  tempers  [Figures  II.3.1(a,b)  and 
11.3.2(a)]  consist  of  large  pancake  grains  that  contain  many  small 
recrystallized  grains.  The  pancake-grain  sizes  in  the  WL049-T851  (Lot  1 
and  Lot  2)  temper  are  3  to  5-mm  long  and  up  to  1-mm  wide  in  the  rolling 
plane.  The  WL049-T651  temper  has  a  smaller  pancake-grain  size,  often  less 
than  1-mm  long  and  0.5-mm  wide  in  the  rolling  plane.  These  materials  also 
differ  in  recrystallized  grain  size  and  second  phase  particle  content.  Thc- 
rer rystallized  grain  sizes  for  the  WL049-T651  and  WL049-T851  (Lot  2)  tempers 
were  normally  less  than  10  fia.  In  the  WL049-T851  (Lot  1)  temper,  areas  of 
recrystallized  grains  that  have  sizes  greater  than  100  pm  were  observed. 

The  as-received  microstructure  of  the  2219-T87  alloy  and  temper  has  a 
grain  size  and  morphology  similar  to  that  reported  for  the  2219-T851  and  T37 
tempers.  The  grains  are  slightly  elongated  in  the  rolling  direction  with 
lengths  up  to  0.3  mm  and  widths  normally  less  than  0.05  mm  [Figure 
11.3.2(b)]. 

*The  analyses  of  the  2219  alloys  were  furnished  by  an  independent 
contractor. 

JLJb 

Trade  names  are  furnished  to  identify  the  material  adequately. 

Such  identification  does  not  imply  recommendation  or  endorsements  by  NIST, 
nor  does  it  imply  that  the  materials  identified  are  necessarily  the 
best  available  for  the  purpose. 
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Table  II.3.1.  Inventory  of  Al  and  Al-Li  Plate  Material. 


Date  Received  Supplier  Alloy  Quantity  Plate  Dimensions,  Lot 

cm  Number 


7/12/89 

Kaiser 

2219-T851 

4 

122 

X 

122 

X 

1.27 

429881 

7/12/89 

Kaiser 

2219-T37 

4 

122 

X 

122 

X 

1.27 

486341 

8/10/89 

ALCOA 

2090-T81 

1 

122 

X 

244 

X 

1.27 

103301 

8/10/89 

ALCOA 

2090-T81 

1 

122 

X 

244 

X 

1.91 

103299 

9/22/89 

ALCAN 

8090-T8771 

4 

91.4 

X 

163 

X 

1.27 

3503302B 

10/3/89 

Reynolds 

WL049-T651 

4 

122 

X 

122 

X 

1.27 

0387240A 

11/14/89 

ALCOA 

2219-T87 

1 

30.5 

X 

30.5 

X 

1.27 

294592 

11/27/89 

Reynolds 
(Lot  1) 

WL049-T851 

1 

122 

X 

122 

X 

1.27 

0387250A 

03/09/90 

Reynolds 
(Lot  2) 

WL049-T851 

1 

30.5 

X 

30.5 

X 

1.27 

900231 lA 

03/14/90 

NASA 

2219-T87 

4 

30.5 

X 

30.5 

X 

1.27 

484881 

Table  II. 3. 2.  Compositions  of  Al-Li  Alloys  and  Alloy  2219,  wt%. 
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Figure  II.  3. 2.  The  grain  size  and  morphology  of  (a)  the  WL049-T851 
(Lot  2)  alloy  and  (b)  the  2219-T87  alloy. 
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The  second  phase  particle  counts  were  made  using  an  optical  microscope 
(400X)  equipped  with  an  image  analysis  system.  The  procedure  used  included: 
(1)  polishing  to  a  1-pm  diamond  finish  and  light  attack  polishing  in  a 
dilute  NaOH  solution  and  0.3- pm  AI2O3;  (2)  measuring  second  phase  particles 
located  in  consecutive  fields  along  paths  perpendicular  to  the  rolling 
direction  (100  fields  per  alloy,  2  mm^  total  area);  (3)  approximating 
second  phase  particle  size  using  the  area  of  each  second  phase  particle 
measured  and  assuming  a  circular  shape  to  calculate  a  diameter;  (4) 
separating  second  phase  particles  into  10  bins  based  on  diameter;  and  (5) 
approximating  second  phase  particle  volumes  using  mean  diameters  for  each 
bin  and  assuming  a  spherical  second  phase  particle  shape. 

The  second  phase  particle  counts  collected  for  the  alloys  with  T8 
tempers  are  given  in  Table  II. 3. 3.  Alloy  2090-T81  has  the  lowest  number  of 
second  phase  particle,  followed  by  the  T8151  and  T8771  tempers  of  alloy 
8090,  WL049-T851  (Lot  2),  2219-T87  and  T851,  and,  finally,  WL049-T851  (Lot 
1)  with  the  highest  number  of  second  phase  particle.  A  ranking  by  second 
phase  particle  volume  produces  the  same  order.  The  distributions  in  second 
phase  particle  sizes  broaden  as  the  second  phase  particle  content  of  the 
alloys  increases;  alloys  having  higher  numbers  of  second  phase  particle  also 
have  more  large  second  phase  particle  present  in  their  microstructures.  The 
most  notable  change  in  second  phase  particle  content  for  a  given  alloy  type 
is  the  reduction  in  second  phase  particle  content  for  the  second  lot  of 
JL049-T851. 

We  place  little  significance  on  the  undersized  second  phase  particle 
counts  (<  1  pm)  because  of  Che  various  msasuremenC  errors  possible  for  these 
small  sizes.  The  variations  in  Che  oversized  counts  (>  9  pa) ,  however, 
indicate  significant  differences  in  the  alloys.  For  example,  the  frequency 
of  second  phase  particle  with  diameters  greater  than  9  pm  is  highest  for  the 
2219  alloys.  The  values  for  total  second  phase  particle  count  and  volume', 
reported  in  Table  II. 3. 3,  do  not  include  data  from  the  over-  and  undersized 
bins. 
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♦Inclusion  size 
♦♦Inclusion  size 


I I. 4  EXPERIMENTAL  PROCEDURES 


11. 4.1.  Impact  Specimen  Preparation 

11. 4. 1.1.  Test  Specimen  Machining  and  Surface  Finish 

Test  specimens  were  machined  as  specified  in  NASA  NHB  8060. IB1  to  a 
1.6-mm  (1/16-in)  thickness.  Specimen  diameter  was  17  mm  (11/16  in).  The 
specimens  were  machined  from  alloys  8090-T8771,  2090-T81,  UL049  (T851,  and 
T651),  and  2219  (T87,  T851,  and  T37).  All  specimens  were  machined  at  USTF 
and  had  a  surface  finish  in  the  16-20-/»in  range. 

The  8090-T8771  and  UL049  specimens  tested  in  the  open-cup  machine  had 
both  a  factory  side  and  a  machined  side.  All  other  specimens  tested  in  the 
open-cup  configuration  had  both  sides  machined.  Specimens  with  both  sides 
machined  were  taken  from  the  center  of  the  plate.  Almost  all  specimens 
tested  in  the  modified  pressurized  machine  had  both  a  factory  side  and  a 
machined  side.  The  one  exception  was  that  both  sides  of  the  2219-T87  alloy 
tested  at  6-kg‘m  impact  energy  were  machined.  In  both  the  open-cup  and 
pressurized  testing,  a  machined  surface  was  always  impacted  by  the  striker 
pin  (i.e.,  the  factory  side,  when  present,  was  down  against  the  cup  or 
anvil) . 

11. 4. 1.2.  Specimen  Cleaning  Procedure 

The  machined  specimens  were  cleaned  according  to  NASA  NHB  8060. IB,1 
"Flammability,  Odor,  and  Outgassing  Requirements  and  Test  Procedures  for 
Materials  in  Environments  That  Support  Combustion."  A  copy  of  the  preface 
of  that  document  and  a  portion  of  paragraph  418,  Test  13,  relating  to 
specimen  cleaning,  are  given  in  Appendix  I. A. 


II. 4. 2.  Mechanical -Impact  Tests  in  the  Modified  Open-Cup  Machine 
II. 4. 2.1.  Equipment  and  Procedures 

The  USTF  uses  an  open-cup  mechanical- impact  machine  previously 
described  in  Part  I  this  report  (I. 4. 2.1.).  However,  results  of  Part  I  of 
this  program  indicated  significant  disparities  in  absorbed  energies  between 
the  USTF  ABMA  open-cup  test  machine  and  the  MSFC  pressurized  machine  in  a 
LOX  environment.  The  indentation  depths  of  the  3-mm  (1/8- in)  specimens  of 
alloy  2090-T81,  tested  at  USTF  at  10  kg'm  (72  ft* lb)  were  approximately  50 
to  70  percent  less  than  the  impact  depths  of  the  same  alloy  tested  in  the 
MSFC  pressurized  machine  at  the  same  potential -energy  level.  (See  Tables 
1.5.10  and  I.C.3).  Because  Part  I  of  the  oxygen-compatibility  program 
demonstrated  that  reaction  sensitivity  in  Al  alloys  is  a  function  of 
absorbed  Impact  energy,  NIST  requested  that  USTF  deviate  from  their  standard 
procedure  by  substituting  a  Ni-based  alloy  (Inconel  718*)  specimen  cup  for 
the  Al-alloy  specimen  cup.  (The  Al-alloy  at  USTF  is  5052-H32.)  It  was* 

♦Trade  names  are  furnished  to  identify  the  material  adequately.  Such 
identification  does  no.:  imply  recommendation  or  endorsements  by  NIST, 
nor  does  it  imply  that  the  materials  identified  are  necessarily  the 
best  available  for  the  purpose. 
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assumed  that  the  Al-alloy  cup  was  either  absorbing  a  significant  amount  of 
the  plummet  energy  or  contributing  to  the  low  stiffness  of  the  support 
system.  The  NASA  NHB  8060. IB1  and  ASTM  D25124  both  specify  the  use  of  an 

Al-alloy  cup.  However,  for  the  remainder  of  this  program,  the  Al-alloy  cup 
and  stainless -steel  Insert  were  replaced  by  a  Ni-based  alloy  cup.  Figure 
II. 4.1  indicates  the  differences,  in  both  materials  and  dimensions,  between 
the  two  cup  arrangements.  There  were  no  other  changes  in  the  equipment  or 
procedures  for  the  open-cup  tests,  except  that  plummet  and  striker-pin 
assembly  rebound  heights  were  measured  and  recorded,  usually  for  at  least 
half  of  the  impacts. 

Procedures  for  open-cup  tests  were  described  in  Part  I,  Section  4.2.1. 

Some  additions  to  those  descriptions  follow.  Flashes  in  the  open-cup  test 
machine  are  monitored  visually  at  time  of  impact  by  the  test  technician  and 
by  videotaping  the  impact  and  replaying  the  videotape.  The  videotape  shows 
more  than  the  technician  can  see.  Monitoring  of  the  LOX  level  was  discussed 
in  Section  I. 4. 2.1.  Temperature  at  the  specimen  cup  is  not  monitored  with  a 
thermocouple  as  it  is  during  the  pressurized  tests. 

11. 4. 2. 2.  Materials 

Four  Al-Li  and  Al  alloys,  of  various  tempers,  were  supplied  to  WSTF  for 
open-cup  oxygen-compatibility  evaluation.  The  Al-Li  alloys  were  8090-T8771, 
2090-T81 ,  and  WL049  (T851  and  T651).  The  Al  alloy  was  2219  (T87,  T851,  and 
T37).  All  alloys  were  machined  to  1.6-mm  (1/16-in)  thickness.  Alloy  2090-T81, 
from  the  12.7-mm  (1/2-in)  plate,  was  also  machined  to  a  3 -mm  (1/8-in)  thickness 
for  comparison  of  absorbed  energy  with  the  different  specimen  cups. 

11. 4. 2. 3.  Conditions 

The  alloys  were  tested  in  ambient-pressure  LOX.  Initially,  ten  specimens 
were  impacted  from  each  alloy,  at  10  kg-m  (72  ft' lb),  8  kg-m  (58  ft’ lb),  and  6 
kg'm  (43  ft' lb).  Additional  sets  of  ten  specimens  were  tested  at  lower  energy 
levels,  decreasing  by  2  kg'm,  until  there  were  two  successive  energy  levels  at 
which  no  reactions  occurred.  After  these  tests  to  establish  thresholds  were 
completed,  additional  sets  of  ten  tests  were  run  on  selected  alloys  above 
threshold,  resulting  in  some  final  sets  of  20  tests. 


I I. 4. 3.  LOX  and  60X  Impact  Tests  in  the  Modified  Pressurized  Impact  Machine 
II. 4. 3.1.  Equipment  and  Procedures 

The  pressurized  mechanical -impact  test  machine  at  WSTF  is  designed  to 
expose  specimens  to  mechanical  impacts  in  the  presence  of  LOX  or  GOX  at 
pressures  from  0  to  69  MPa  (0  to  10,000  psi).  The  unmodified  WSTF  pressurized 
machine  is  described  in  Section  I. 4. 3.1.  of  this  report.  Table  1.5.10  (Part  I 
of  this  report)  shows  that  alloy  2090-T81,  in  a  specimen  thickness  of  3  mm  (1/8 
In)  from  12.5-mm  (1/2-in)  plate,  had  an  average  penetration  depth  of  0.08  mm 
(0.0032  in)  when  impacted  in  the  WSTF  pressurized  machine  at  10  kg-m  (72 
ft* lbs).  In  the  MSFC  pressurized  test  machine  the  same  alloy  had  an  average 
Impact  depth  of  0.37  mm  (0.0145  in)  when  impacted  at  the  same  potential -energy 
level.  It  was  apparent  that  differences  in  the  two  test  machines  resulted  in 
very  different  amounts  of  energy  absorbed  by  the  specimens . 
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Figure  II.4.1.  Schematics  of  the  original  open-cup  test  machine  (a)  and 
the  modified  open-cup  test  machine  (b)  with  the  specimen 
centering  ring  and  without  (c) . 
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For  Part  II  of  this  program,  the  WSTF  pressurized  test  system  was  modified 
to  increase  energy  absorbed  in  the  specimen.  In  cooperation  with  NIST,  WSTF 
made  modifications  on  an  auxiliary  pressurized  tester  to  examine  the  effects  of 
several  design  features  on  the  absorbed  energy  of  the  specimen.  The  stiffness 
of  the  system  was  considerably  increased.  Figure  II. 4. 2  shows  the  initial 
design  of  the  WSTF  pressurized  test  machine.  The  long,  slender  striker  pin, 
the  counterload  chamber  seals,  the  anvil-nut  design  and  the  pedestal  base  were 
all  reviewed  as  the  new  design  was  developed. 

The  resulting  modified  pressurized-machine  configuration  is  shown  in 
Figure  II. 4. 3.  The  modifications  included:  replacing  the  long  slender  striker 
assembly  with  a  shorter,  larger  diameter  striker  pin  and  improving  pressure  - 
chamber  alignment;  eliminating  the  counterload  assembly;  replacing  the  threaded 
anvil  nut  with  a  slip-fit  anvil;  replacing  the  25-mm  (1.0-in)  thick  baseplate 
with  a  100-mm  (4.0-in)  thick  baseplate;  and  eliminating  the  tubular  support 
column.  The  elimination  of  the  counterload  assembly  did  not  have  a  detrimental 
effect  on  the  impact  depths  of  the  2090-T81  comparison  specimens  (see  Section 
II. 4. 4.). 

The  modifications  resulted  in  a  change  in  the  standard  operating 
procedures  normally  used  by  WSTF.  The  specimen  and  specimen  cup  are  still  pre¬ 
cooled,  if  required,  before  installation.  To  install  the  specimen  and  specimen 
cup,  the  hold-down  nuts  must  first  be  removed.  The  pressure  chamber  is  then 
lifted  up  off  the  centering  plate.  The  pre-cooled  specimen  and  specimen  cup 
are  placed  on  the  anvil  plate.  The  pressure  chamber  is  lowered  onto  the 
centering  plate  and  tightened  in  place  with  the  hold-down  nuts.  The  striker- 
pin  retainer  and  striker  pin  are  removed  and  the  specimen  cup  is  filled  with 
LOX  through  the  top  of  the  chamber.  The  pin  and  retainer  are  then  bolted  back 
onto  the  pressure  chamber.  The  temperature  of  the  cup  interior  is  monitored 
continuously  before,  during,  and  just  after  impact  with  a  thermocouple  located 
in  the  cup,  slightly  above  the  specimen.  Leads  for  the  thermocouple  pass 
through  the  chamber  wall.  A  pressure  transducer  is  used  to  measure  the 
pressure  change  inside  the  chamber.  Photocells  are  used  to  detect  flashes  that 
may  occur  inside  the  chamber.  To  better  estimate  the  amount  of  energy  that  is 
absorbed  by  the  specimen,  NIST  requested  measurements  on  the  plummet  rebound 
heights.  These  measurements  were  generally  made  for  at  least  half  of  the 
tests.  The  other  operational  procedures  are  the  same  as  outlined  in  Part  I  of 
this  report. 

II. 4. 3. 2.  Materials  and  Conditions 

• 

Three  alloys,  2090-T81,  WL049-T851,  and  2219-T87,  were  tested  in  ambient  and 
pressurized  LOX  and  GOX  environments.  A  Taguchi  test  matrix  was  used  in  this 
program  in  an  attempt  to  evaluate  the  effect  of  impact  energy,  pressure,  and 
alloy  type  on  reaction  sensitivity.  (See  Appendix  II. A.,  "Taguchi  Matrix 
Analysis,"  for  an  explanation  of  how  the  matrix  was  derived.)  The  Taguchi  test 
matrix,  shorn  in  Table  II. 4.1,  was  run  in  a  random  sequence,  with  all  GOX  tests 
run  first,  followed  by  the  LOX  tests.  Three  energy  levels,  10,  8,  and  6  kg  m 
(72,  58,  and  43  ft* lb),  and  three  pressure  levels,  0.69,  0.35,  and  0.10  MPa 
(100,  50  and  14.7  psi)  were  used  in  this  matrix. 
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STANDARD  CONFIGURATION 


Figure  II. 4. 2.  Standard  WSTF  pressurized  test  machine.  (Figure  by  M. 
Rucker,  WSTF.) 


PIN  RETAINER 
TEST  SAMPLE 


HOLD-DOWN  STUD 
AND  NUT 


4*  BASEPLATE 


STRIKER  PIN 
SAMPLE  CUP 

ANVIL  PLATE 

CENTERING  PLATE 


MECHANICAL  IMPACT  TEST 

MODIFIED  CONFIGURATION 
(NOT  TO  SCALE) 


SUMMARY  or  t 


•wj 


CATIONS 


•  REPLACES  1*  BASEPLATE  WITH  4*  BASEPLATE 

•  dJMNATO  SUPPORT  COLUMN 

•  REPLACES  THREADED  ANVIL  NUT  VTTH  SUP-fTT  ANVIL 

•  ELIMINATED  COUNTERLOAB  ASSEMBLY 

•  SHORTER  STRIKER  PIN  HAS  LARGER  MAJOR  SIAICTER 

•  IMPROVES  AUGMENT 

•  OUICK-RELEASE  PIN  RETAINER 


Figure  II. 4. 3.  Modified  WSTF  pressurized  test  machine.  (Figure  by  M. 
Rucker,  WSTF.) 
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Table  II.4.1.  Taguchi  Test  Matrix  Variables. 


< - 

- Variables - 

Sequence 

Number 

Pressure, 
MPa  (psi) 

Energy, 

1eg-m  (ft- lb) 

Alloy 

Environment 

1 

Ambient 

10 

(72) 

2219-T87 

LQX/GOX 

2 

Ambient 

8 

(58) 

2090-T81 

LOX/GOX 

3 

Ambient 

6 

(43) 

W049-T851 

LOX/GOX 

4 

0.35  (50) 

10 

(72) 

W049-T851 

LOX/GOX 

5 

0.35  (50) 

8 

(58) 

2219-T87 

LOX/GOX 

6 

0.35  (50) 

6 

(43) 

2090 -T81 

LOX/GOX 

7 

0.69  (100) 

10 

(72) 

2090-T81 

LOX/GOX 

8 

0.69  (100) 

8 

(58) 

W049-T851 

LOX/GOX 

9 

0.69  (100) 

6 

(43) 

2219-T87 

LOX/GOX 

II. 4. 4.  Calibration  of  Open-Cup  and  Pressurized  Testers 
II. 4. 4.1.  Open-Cup  Tester 

Part  I  of  this  program  demonstrated  that  the  open-cup  (ABMA)  test  machine 
at  WSTF  delivered  less  energy  to  the  specimens  than  did  the  MSFC  pressurized 
test  machine.  For  example,  Tables  1.5.10  and  I.C.3  (LOX  enrivonment)  show  that 
for  3-mm  (1/8-in)  specimens  of  alloy  2090-T81,  the  impact  depth  from  the  USTF 
open-cup  machine  is  about  50  to  70%  lower  than  that  from  the  pressurized 
machines  at  MSFC  or  SSFL  at  3.5  MPa  (500  psi) .  However,  calibration  tests  of 
the  WSTF  open-cup  apparatus,  conducted  with  a  round  striker  pin  on  annealed 
AISI  304  disks  in  accordance  with  previously  described  procedures  (Part  I  of 
this  report.  Section  1.4.4. ),  yielded  impact  depths  in  reasonable  agreement 
with  the  Bransford  et  al.5  report.  This  report  compared  the  impact  machines 
at  WSTF,  MSFC,  and  SSFL,  and  showed  that  similar  impact  depths  were  obtained 
with  the  MSFC  open-cup  or  pressurized  machines,  and  the  WSTF  open-cup  machine 
at  least  at  ambient  temperatures  (see  Figures  15  and  25  of  that  report).  Table 
II. 4. 2  shows  that  the  penetration  depth  measured  at  ambient  temperature  at  WSTF 
was  very  close  to  that  reported  by  Bransford  et  al.  and  was  about  4%  higher 
than  at  MSFC  and  SSFL.  Calibration-disk  thickness  was  8.9  mm  (0.350  in)  for 
all  tests.  All  facilities  showed  an  analogous  decrease  in  penetration  depths, 
compared  to  ambient  conditions,  when  tests  were  done  in  LOX.  This  effect  was 
discussed  in  Part  I  of  this  report  (see  Section  1.8.5. ).  To  examine  any 
possible  effect  from  the  flat-bottomed  striker  pin  actually  used  in  the  impact 
tests,  in  contrast  to  the  round-bottomed  pins  used  in  calibration  tests,  a 
series  of  tests  was  conducted  with  flat  pins.  Impact-depth  results  were 
comparable,  considering  the  changed  geometry,  and  the  effect  of  temperature  was 
also  comparable  (Table  II. 4. 3). 

These  calibration  tests  were  don|  without  the  specimen  cup  in  accordance 
with  previous  calibration  procedures.  Since  the  actual  tests  on  Al-Li  and  Al 
alloys  were  run  with  Al-alloy  specimen  cups  at  WSTF,  the  possibility  that  the 
cup  decreased  the  amount  of  energy  available  for  absorption  by  the  specimen  was 
then  investigated.  Bransford  et  al.5  had  previously  examined  the  effect  of  an 
Al-alloy  cup  in  the  SSFL  ABMA  tester  at  only  ambient  temperature  (see  Figures 
11  and  12  of  that  report  and  the  last  two  entries  in  Table  II. 4. 2).  For 
calibration  specimens  of  annealed  AISI  304  stainless-steel  disks  (Rg80) ,  very 
little  difference  in  the  impact  depth  (obtained  from  the  impact  diameter  made 
by  a  rounded  striker  pin)  was  observed  when  testing  with  and  without  the  Al- 
alloy  cup.  Table  II. 4. 4  shows  our  recent  calibration  tests  with  similar  304 
disks.  The  Bransford  results  were  confirmed  for  the  WSTF  open-cup  machine, 
except  that  a  slight  decrease  of  4%  in  penetration  depth  was  found  in  one  trial 
when  the  347  stainless-steel  insert  was  in  the  Al-alloy  cup.  However,  the 
annealed  304  calibration  disk  was  thick  (8.9  mm)  in  comparison  to  the  1.6  or  3- 
mm  thick  specimens  used  in  this  series  of  impact  tests.  Also,  the  disk  (Rg80) 
was  as  soft  or  softer  than  the  T8  temper  of  most  of  the  Al-Li  and  Al  alloys 
tested.  These  alloys  had  hardnesses  ranging  from  Rg77  (2219-T87)  to  Rg86 
(WL049-T851) .  The  304  disk  could  absorb  much  more  energy  than  the  alloy 
specimens  being  tested.  (See  Sections  II. 7.1.  and  7.3.  for  a  discussion  of 
absorbed  energy  of  the  specimen  and  its  dependence  on  deformation  strain  and 
the  stress-strain  curve.)  This  meant  that  the  partitioning  of  impact  energy 
into  absorbed  and  recoil  energy  could  be  considerably  different  than  in  the 
actual  tests.  The  Al-alloy  (5052-H32)  cup  was  also  considerably  softer  (Rgl6) 
chan  the  specimens.  Hence,  the  chick  304  disk  and  Al-alloy  cup  system  was  not 
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Table  II. 4. 

.2.  Average 
Machine 

304  SS  Calibration  Disk 
and  an  Impact  Energy  of 

Results , 
10  kg  m 

Using  an 
(72  ft • lb) 

Open- Cup 

Facility 

Env. 

Striker- 
Pin  Tip 

Cup/Insert 

Average  Impact 
Depth 
mm  (in) 

No.  of 
Specimens 

*KSC 

LOX 

Round 

No/No 

1.052 

(0.0414) 

5 

*KSC 

Ambient 

Round 

No/No 

1.342 

(0.0528) 

5 

*MSFL 

LOX 

Round 

No/No 

1.031 

(0.0406) 

3 

*MSFL 

Ambient 

Round 

No/No 

1.314 

(0.0517) 

3 

*WSTF 

Ambient 

Round 

No/No 

1.366 

(0.0537) 

6 

WSTF 

LOX 

Round 

No/No 

1.048 

(0.0412) 

5 

WSTF 

Ambient 

Round 

No/No 

1.388 

(0.0546) 

1 

WSTF 

Ambient 

Round 

Yes/No 

1.360 

(0.0535) 

1 

*SSFL 

Ambient 

Round 

No/No 

1.298 

(0.0511) 

3 

*SSFL 

Ambient 

Round 

Yes/No 

1.267 

(0.0499) 

2 

♦Denotes  Data  from  Brans ford  Report 
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Table  II. 4. 3.  Average  304  SS  Calibration  Disk  Results  from  WSTF  Using  an  Open- 
Cup  Machine  and  an  Impact  Energy  of  10  kg*m  (72  ft- lb). 


Average  Impact 

Striker-  Depth,  No.  of 


Env. 

Pin  Tip 

Cup 

mm 

(in) 

Specimens 

Ambient 

Flat 

No 

0.417 

(0.0164) 

5 

LOX 

Flat 

No 

0.248 

(0.0098) 

5 

Table  II. 4. 4.  304  SS  Calibration  Disk  Results  Using  an  Open-Cup  Machine, 

in  an  Ambient  Environment  with  an  Impact  Energy  of 
10  kgm  (72  ft- lb)  at  WSTF. 


Striker- 
Pin  Tip 

Cup/Insert 

Impact  Depth, 
mm  (in) 

Round 

No/No 

1.388 

(0.0546) 

Round 

Yes/No 

1.360 

(0.0535) 

Round 

Yes/Yes 

1.326 

(0.0522) 

Round 

No/No 

1.368 

(0.0538) 
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a  good  model  for  the  actual  experimental  system  in  which  a  Ni-alloy  cup  with  a 
thicker  bottom  section  was  substituted  for  the  Al-alloy  cup  (Section  II. 4. 2., 
Figure  11.4.1).  To  avoid  these  inconsistancies ,  3-mm  (1/8-in)  thick  specimens 

of  alloy  2090-T81  were  used  both  as  comparison  standards  (in  addition  to  304 
disks)  and  to  elucidate  the  effect  of  the  specimen-cup  material.  Alloy  2090- 
T81  from  12. 5 -mm  (1/2-in)  plate  had  been  tested  in  the  3-mm  thickness  at  all 
three  laboratories  (VSTF,  MSFC,  and  SSFL) ;  this  was  the  reason  for  selection  of 
this  alloy  in  this  thickness  as  a  comparison  standard. 

Table  11.4.5  shows  data  'from  the  various  test  facilities  on  the  2090-T81 
alloy  machined  from  12. 7 -mm  (1/2 -in)  plate.  The  asterisked  (*)  data  were 
generated  and  referenced  in  Fart  I  of  this  report.  Results  from  the  WSTF  open- 
cup  tests  indicate  that  specimens  impacted  in  the  Ni-alloy  cup  consistently  had 
deeper  penetration  depths  than  those  impacted  in  the  Al-alloy  cup.  Ni-alloy 
cups  had  also  been  used  in  pressurized  tests  on  similar  specimens  at  MSFC  and 
SSFL.  Respectively,  the  impact  depths  from  these  pressurized  tests  were  only  6 
and  12%  smaller  than  the  VSTF  open-cup  results.  Another  result  shown  in  Table 
II. 4. 5  is  the  difference  in  impact  depths  between  2090-T81  specimens  that  were 
machined  from  the  outside  surface  (1  machined  side,  1  factory  side)  of  the 
plate,  and  the  interior  (2  machined  sides)  of  the  plate.  Since  the  impact 
depths  were  greater  in  the  specimens  located  at  the  outside  surface,  specimens 
from  the  exterior  (1  machined  side,  1  factory  side)  were  used  in  further 
testing.  Thus,  the  predominant  number  of  tests  in  Part  II  of  this  program  were 
run  on  exterior  specimens. 

II. 4. 4. 2.  Pressurized  Tester 

Major  modifications  to  an  auxiliary  VSTF  pressurized  test  machine  were 
made  to  increase  the  energy  absorbed  by  the  specimens  to  a  level  equivalent  to 
that  in  the  VSTF  open-cup  machine.  The  2090-T81  3-mm  (1/8- in)  specimens  were 
used  to  evaluate  absorbed  energy  of  the  specimen  during  the  modification 
process.  Factory-side  specimens  were  used  in  these  calibration  tests.  Final 
results,  given  in  Table  II. 4. 6,  show  that  the  modified  VSTF  pressurized  test 
machine  delivers  about  83%  as  much  energy  to  the  specimen  as  the  VSTF  open-cup 
machine  does.  The  uncertainty  in  measuring  the  penetration  depth  of  the 
calibration  specimens,  ±  0.013  mm  (0.0005  in),  is  about  3%.  Also,  Table  II. 4. 6 
shows  that  penetration  depths  are  generally  lower  at  LN2  and  LOX  temperatures 
than  at  ambient  temperatures,  as  is  the  case  in  open-cup  calibrations. 
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Table  II. 4. 5.  Average  2090-T81  Comparison  Test  Results  at  WSTF  Using  an 

Open-Cup  Machine;  and  at  MSFC  and  SSFL  Using  a  Pressurized  Machine 
with  an  Impact  Energy  of  10  kg-m  (72  ft* lb). 


Test 

Facility  Machine 

Pressure , 
MPa  (psi) 

Env. 

Cup 

Alloy 

Impact  Depth, 
mm  (in) 

No.  of 
Machined 
Sides 

No.  of 
Specimens 

♦MSFC 

Pressurized 

3.45 

(500) 

L0X 

Ni-base 

0.368 

(0.0145) 

1  &  2 

17 

♦SSFL 

Pressurized 

2.76 

(400) 

LOX 

Ni-base 

0.345 

(0.0136) 

2 

20 

♦WSTF 

Open  Cup 

0.10 

(14.7) 

LOX 

Al-base 

0.129 

(0.0051) 

1  &  2 

20 

WSTF 

Open  Cup 

0.10 

(14.7) 

LOX 

Ni-base 

0.391 

(0.0154) 

2 

5 

WSTF 

Open  Cup 

0.10 

(14.7) 

LOX 

Ni-base 

0.528 

(0.0208) 

1 

5 

♦Denotes  data  from  Part  I  of  this  report 


Table  II. 4. 6.  Average  2090-T81  Comparison  Test  Results  at  WSTF  Using  a 

Pressurized  Machine  with  an  Impact  Energy  of  10  kg-m  (72 -lb). 


Pressure , 

Temperature  MPa  (psi) 

Average  Impact 
Depth, 

mm  (in) 

No.  of 

Specimens 

Ambient 

0.10 

(14.7) 

0.610  • 

(0.0240) 

2 

Ambient 

0.35 

(50) 

0.610 

(0.0240) 

2 

Ambient 

0.69 

(100) 

0.716 

(0.0282) 

3 

LNa 

0.10 

(14.7) 

0.559 

(0.0220) 

2 

LNa 

0.35 

(50) 

0.451 

(0.0180) 

3 

LM, 

0.69 

(100) 

0.584 

(0.0230) 

1 

LOX 

0.10 

(14.7) 

0.439 

(0.0173) 

2 
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II. 5.  EXPERIMENTAL  RESULTS 


11. 5.1.  Fracture  and  Deformation  Modes 

The  sudden  collision  of  the  striker  pin  with  the  specimen  during 
mechanical •impact  tests  produces  unique  deformation  and  fracture 
characteristics  in  Al-Li  alloys  and  alloy  2219.  These  are  illustrated  in 
Figure  II. 5.1.  The  Indentation  of  the  striker  pin  produces  compression 
forces  in  the  specimen  under  the  pin,  radial  shear  forces  toward  the 
specimen  perimeter  outside  the  indentation  of  the  striker  pin,  and  tensile 
(hoop)  forces  around  the  outer  perimeter  of  the  specimen.  The  tensile 
forces  are  produced  from  the  radial  specimen  plastic  deformation  that 
results  in  lateral  specimen  expansion.  The  strain  rates  are  high 
(-3  x  10-*  s*l);  therefore,  near* adiabatic  heating  conditions  exist  (see 
Section  1.7.5.) .  The  general  features  of  the  deformation  and  fracture 
characteristics  of  the  Al-alloy  specimens  in  this  study  are  discussed  below. 

11. 5. 1.1.  Anisotropic  Radial  Shear  Deformation 

Following  impact,  the  specimen  experiences  axial  compression  from  the 
top  and  is  constrained  on  its  bottom  side  by  the  support  cup.  The  yield 
stress  is  exceeded  and  the  axial  compression  forces  produce  an  indentation 
from  the  striker  pin  in  the  specimen  of  between  0.2  to  0.7  mm 
(0.010  to  0.025  in)  for  a  plummet  impact  (potential)  energy  of  8  to  10  kg-ra 
(58  to  72  ft* lb).  The  radial  shear  forces  result  from  the  accommodation  of 
the  axial  plastic  deformation  and  the  constrained  lower  specimen  surface. 

The  forces  produced  under  these  impact  conditions  for  isotropic  deformation 
conditions  are  shown  schematically  in  Figure  11.5.1(a).  The  radial  plastic 
deformation  of  the  specimen  is  anisotropic  and  is  larger  in  the  rolling  (L) 
direction  of  the  alloy  (see  Figure  II. 5. 2,  for  example) .  A  typical 
difference  between  the  diameter  of  a  specimen  (with  a  concentric  striker-pin 
indentation)  in  the  direction  of  the  anisotropic  deformation  to  the  normal 
direction  is  1  am  (0.04  in).  Eccentricity  of  the  striker-pin  impact 
indentation  with  respect  to  the  center  of  the  specimen  also  results  in 
anisotropic  radial  shear;  more  extensive  deformation  occurs  in  the  specimen 
area  (between  the  indentation  and  circumference)  that  is  smallest  and, 
therefore,  provides  less  constraint.  The  anisotropy  of  the  radial  shear 
forces  from  eccentricity  of  the  striker-pin  impact  is  illustrated  in  Figure 
11.5.1(b). 

Since  the  flow  strength  in  the  transverse  (T)  orientation  is  less  (by 
about  20  MPa,  typically)  than  in  the  L  orientation,  one  cannot  associate  the 
more  extensive  plastic  deformation  in  the  L  orientation  (in  the  radial 
specimen  direction)  with  reduced  flow  strength  in  that  direction.  Instead, 
the  more  extensive  deformation  in  the  radial  L  orientation  must  be 
associated  with  less  specimen  constraint  in  the  direction  of  the 
circumferential  hoop  forces.  The  flow  strength  in  the  T  specimen  direction 
is  the  constraint  that  influences  radial  deformation  in  the  L  orientation. 

11. 5. 1.2.  Shear  Lips 

The  specimen  material  directly  in  contact  with  the  perimeter  of  the 
striker  pin  is  moving,  owing  to  the  radial  anisotropic  shear  deformation. 
This  specimen  flow  results  in  the  appearance  of  a  shear  lip  along  portions 
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Specimen  Deformation  Modes 


a  b 


Figure  II. 5.1.  Deformation  nodes  in  mechanical - impac t  test  specimen 
(a)  Concencric  strike,  (b)  Eccentric  strike. 
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Figure  II. 5. 2.  Long  axis  of  deformed  specimen  parallel  to  rolling 

direction.  Etched  WL049-T851,  tested  in  open  cup  at  6 
kgm.  (5X) 
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of  the  perimeter  of  the  indentation.  This  shear  lip  is  illustrated  in 
Figure  II. 5. 3.  In  Figure  II. 5. 4,  the  grain  structure  adjacent  to  the  shear 
lip  in  2219-T37  (10  kg-m,  LOX)  is  shown.  Large  displacements  of  grains  have 
occurred  during  the  impact.  This  is  also  shown  in  Figure  II. 5. 5,  where  the 
abrupt  displacement  of  grains  in  alloy  2090-T81  (10  kg-m,  LOX)  is  very 
obvious.  In  Figure  II.  5. 4,  the  very  thin  layer  of  small  grains  on  the 
impact  surface  suggests  either  extensive  shear  with  attendant 
recrystallization  or  resolidification  following  local  melting. 

In  Figure  11.5.3(b),  the  microridges  that  are  formed  from  the  rapid 
intrusion  of  the  striker  pin  into  the  specimen  are  shown.  The  irregulari  ty 
of  the  microridges  is  controlled  by  the  tolerance  on  the  surface  finish  and 
contour  of  the  striker  pins.  The  shear  lip  is  important,  since  most  of  the 
reactions  occurred  on  this  interface. 

11. 5. 1.3.  Striker-Pin  Eccentricity 

Both  axial -deformation  characteristics  and  shear  lips  are  influenced  by 
the  amount  of  eccentricity  of  the  striker-pin  indentation  with  respect  to 
the  center  of  the  specimen.  If  the  eccentricity  is  large,  axial  deformation 
is  accelerated  in  the  region  of  the  narrow  gap  between  the  indentation  and 
the  specimen  perimeter. 

A  large  eccentricity  is  illustrated  in  Figure  II.  5. 3;  an  almost 
concentric  strike  is  shown  in  Figure  II. 5. 2.  Distances  between  the  centers 
of  the  striker-pin  indentation  and  specimen  range  up  to  2  mm  (0.08  in). 

11. 5. 1.4.  Splits 

When  the  plummet  impact  (potential)  energy  is  large  (-  6-10  kg-m),  the 
absorbed  energy  of  the  specimens  is  sufficient  to  impose  tensile  stresses  on 
the  specimen  perimeter  in  excess  of  the  tensile  strength  of  the  Al  alloys. 

A  crack  is  initiated  along  the  specimen  perimeter  and  grows  inward.  The 
crack  usually  grows  into  the  region  of  high  compressive  forces  under  the 
striker-pin.  These  cracks  are  referred  to  as  splits  in  this  report,  since 
they  tend  to  separate  the  specimen  into  two  regions.  Typical  splits  for 
2090-T81 ,  WL049-T851 ,  and  2219-T87  are  shown  in  Figure  II. 5. 6. 

The  initiation  of  the  split  occurs  on  the  perimeter,  in  the  region  of 
large  radial  shear  deformation  (close  to  the  shear  lip).  The  split  (crack) 
tends  to  propagate  parallel  to  the  rolling  direction  (L).  This  growth 
tendency  is  illustrated  in  Figures  II. 5. 3,  11.5.6(a),  and  II. 5. 7.  All 
alloys  exhibited  the  similar  tendency  to  crack  in  the  L  direction.  This  is 
understandable:  The  fracture  toughness  in  the  TL  orientation  is  lower  than 

in  the  LT  orientation  for  those  alloys. 

Specimens  of  2090-T81  split  at  room  temperature  (GOX)  at  energy  levels 
of  10,  8,  and  6  kgm.  Specimens  of  WL049-T851  and  2219-T87  did  not  split  at 
295  K  at  these  absorbed-energy  levels.  At  low  temperatures,  the 
micromechanism  of  split  fracture  in  all  WL049  and  2219  tempers  was  microvoid 
coalescence.  Limited  delaminations  in  the  plane  of  the  specimen  were 
observed  in  WL049-T851.  The  fracture  micromechanisra  for  splitting  in  2090- 
T81  at  both  temperatures  was  a  combination  of  intergranular  cracking  and 
transgranular  shear.  SEM  photographs  of  these  fracture  mechanisms  are  shown 
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Figure  II. 5. 3.  Extensive  shear  lip  (lower,  right-of -center )  in  2090- 
T81,  tested  in  GOX  at  ambient  pressure . (5X)  Shear  lip 
in  2090-T81,  tested  in  GOX,  ambient  pressure  (a)  lip  at 
lower,  right-of -center . (5X)  (b)  microridges  on  lip 

formed  by  friction  between  striker  pin  and  metal. 

( 500X) 
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Figure  II. 5. 4.  Grain  structure  beneath  shear  lip  of  2219-T37 
(10  kgm,  LOX) .  (100X) 
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_ _ _ l 

1  mm 


Figure  II. 5. 5.  Grain  structure  adjacent  to  shear  lip  and  indentation  in 
2090-T81  (10  kg-m,  LOX) . 
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Figure  II. 5. 7.  Crack  growth  along  L  orientation  in  2090-T87  at 
(a)  10  kgm  and  (b)  8  kg'm  open  cup  LOX. 
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in  Figures  II. 5.8  and  II. 5. 9.  There  are  alternate  layers  of  shear  followed 
by  intergranular  cracking,  giving  the  appearance  of  a  delaminated  crack 
front.  At  higher  magnification  the  transgranular  shear  faces  are  seen  to 
contain  evidence  for  microvoid  coalescence  on  a  very  fine  scale. 
Intergranular  cracking  was  more  prevalent  in  specimens  tested  in  LOX  (90  K) , 
compared  to  those  tested  in  GOX  at  room  temperature  for  alloy  2090- T81. 

This  increase  of  intergranular  cracks  at  low  temperatures  corresponds  to  the 
reduction  of  SL  and  ST  fracture  toughness  at  76  K  from  room  temperature. 
(Refer  to  "Comparative  Measurements  of  Cryogenic  Mechanical  Properties  of 
Al-Li  Alloys  and  Alloy  2219. 2")  Intergranular  cracking  associated  with  a 
split  in  2090-T81,  tested  in  LOX  at  10  kg-m,  is  illustrated  in  Figure 
I I. 5. 10.  Quite  obviously,  the  crack  prefers  to  grow  in  that  direction, 
within  the  long  grain  boundaries. 

1 1 . 5 . 1 .  5 .  Cracks 

Cracks  are  found  either  on  the  outside  diameter  of  the  specimens  where 
the  tensile  stress  is  high,  in  the  area  of  radial  shear  (plus  tensile) 
deformation  between  the  shear  lip  and  the  specimen  perimeter,  or  within  the 
impacted  region  of  high  compressive  stress.  Cracks  have  been  observed  in 
all  alloys  and  are  more  prevalent  in  specimens  that  were  impacted  at  low 
temperature  (LOX) .  Both  inter-  and  transgranular  cracking  have  been 
observed.  Microcracks  in  2090-T81  are  shown  in  Figure  II. 5. 11.  In  this 
alloy,  as  discussed  earlier,  the  cracks  always  tend  to  follow  grain 
boundaries.  Microcracks  are  not  unexpected  in  these  tests,  owing  to  the 
large  biaxial  stress  fields  (compression/shear  or  shear/tensile)  in  many 
regions  of  the  specimens. 

1 1 . 5 . 1 . 6 .  Adiabatic  Shear  Bands 

Large  adiabatic  shear  bands  are  observed  in  the  Al-alloy  specimens 
immediately  under  the  striker-pin  indentation  and  under  the  shear  lip.  The 
scale  of  the  adiabatic  shearing  varies  with  grain  size.  In  Figure  II. 5. 12, 
shear  bands  adjacent  to  the  shear  lip  are  shown  for  alloys  2090-T81,  WL049- 
T851,  and  2219-T87.  The  shear  bands  in  2090-T81  are  very  large  and 
correspond  to  the  size  of  the  grains  (1-5-mm  long).  In  WL049-T851  and  2219- 
T87,  the  shear-band  size  is  restricted  by  the  grain  size. 

Shear  bands  are  associated  with  both  localized  deformation  and  heating. 
In  Section  1.7.1.  (Part  I  of  this  report),  we  estimate  that  the  time  of 
specimen  deformation  is  between  7  x  10‘^  and  1.4  x  lO'^1  s,  and  that  the  time 
for  propagation  of  a  thermal  transient  is  2.8  x  10" ^  s.  Thus,  the 
establishment  of  thermal  equilibrium  lags  mechanical  equilibrium,  leading  to 
local  hot  spots.  This  is  precisely  the  condition  that  produces  adiabatic 
shearing,  the  process  where  thermal  softening  promotes  continued  local 
deformation  that,  in  turn,  promotes  more  local  heating.  The  process  may  be 
continuous  and,  thus,  lead  to  local  melting.  The  adiabatic  shear  bands  also 
lead  to  localization  of  excessive  deformation;  evidence  of  raicrocracking  has 
been  observed  to  be  associated  with  these  bands,  particularly  near  grain 
boundaries.  We  find  evidence  for  microcracking  where  the  shear  bands 
terminate  at  the  grain  boundaries. 

An  argument  can  be  made  that  Al-Li  alloys  are  expected  to  have  more 
adiabatic  shearing  than  alloy  2219.  In  Table  II. 5.1,  typical  values  of 
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Figure  II. 5. 8.  The  characteristic  fracture  surface  of  a  split  of  the 
2090-T81  open-cup  LOX  specimen:  (a)  low-magnification 
SEM  micrograph  of  the  general  fracture  morphology,  (b) 
local,  surface  topography. 
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Figure  II. 5. 10.  Intergranular  microcracking  associated  with  split  in 
2090-T81  (10  kg-m,  pressurized  LOX) .  (100X) 
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Figure  II.  5. 11.  Microcracks  in  2090-T81  (a)  adjacent  to  shear  lip 

(8  kg'in,  GOX)  ,  and  (b)  in  region  between  bottom  of  shear 
lip  (indicated  by  curved  "line"  on  the  top)  and  specimen 
perimeter  (10  kg'in,  GOX).  (Both  at  50X) 


36 


Figure  II.  5. 12.  Adiabatic  shear  bands  adjacent  to  shear  lip  in  (a)  2090- 
T81  ( 130X) ,  (b)  W1049-T851  (400X) ,  and  (c)  2219-T87 
(130X).  (See  next  page  for  continuation  of  figure.) 
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specific  heaC  (C)  and  thermal  conductivity  (K)  at  90  and  300  K  are  listed 
for  each  alloy.  Included,  also,  in  Table  II. 5.1  are  the  ratios  of  Cp/K  to 
permit  estimations  of  the  time  to  propagate  a  thermal  transient  (tc)  using 

the  relationship 


cc 


*t2c  P 
K 


(5-1) 


where  xt  is  the  length  of  thermal  path  (assumed  constant  for  both  alloys  for 
this  discussion)  and  p  is  the  density  (2219  is  about  10%  more  dense  then 
2090).  It  is  clear  from  Table  II. 5.1  that  the  time  to  propagate  a  thermal 
transient  for  alloy  2090  is  double  that  of  alloy  2219.  Therefore,  thermal 
stability  should  not  be  achieved  as  quickly  in  alloy  2090,  and  near 
adiabatic  conditions  should  occur  more  frequently  in  this  alloy. 

Table  II. 5.1.  Thermal  Transient  Parameters. 


Alloy 

Specific  Heat.C, 
J/(kgK) 

Thermal  Conductivity ,K, 
W/(mK) 

Transient 

s/m2 

Ratio,  Cp/K, 
x  104 

90  K 

300  K 

90  K  300  K 

90  K 

300  K 

2219 

520 

890 

70  125 

2.1 

2.0 

2090 

540* 

930 

32  72 

4.4 

3.3 

^estimate 


11. 5. 1.7.  Striker-Pln/Specimcn  Friction 

The  friction  of  the  striker  pin  with  the  specimen  along  the  perimeter  of  the 
indentation  contributes  to  specimen  heating.  On  all  shear  lips  there  are  small 
ridges  parallel  to  the  direction  of  the  striker  pin.  Careful  SEM  examination  of 
these  deformation  lines  indicates  considerable  fretting.  Also,  the  contour  of 
the  deformation  ridges  closely  follows  the  morphology  of  the  striker-pin  head. 

11. 5. 1.8.  Localised  Jtto.UJ.ng 

In  Section  1.7.  (Part  I  of  this  report)  we  estimate  that  an  increase  in  the 
local  absorbed  energy  of  only  a  factor  of  8  is  required  to  induce  local  melting, 
assuming  that  mechanical  equilibrium  precedes  thermal  equilibrium.  We  argued 
that  testing  irregularities,  such  as  concavity  of  the  striker-pin  surface  and 
nicks  along  the  striker-pin  perimeter  could  easily  result  in  local  increases  of 
absorbed  energy  of  this  magnitude. 

There  is  good  evidence  of  localized  melting  in  Al-Li  alloys.  Localized 
melting  may  be  identified  by  two  microstmctural  features:  (1)  a  smooth  surface 
on  which  no  machining  nor  indications  of  deformation  are  present,  and  (2)  a 
smooth,  curved  interface  contour,  as  distinct  from  the  abrupt,  sometimes 
straight,  Interface  lines  from  deformation  shear. 
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In  Figure  11.5.13(a),  a  region  of  local  melting  on  the  shear  lip  is  shown; 
notice  evidence  for  solidification  cracking  on  its  surface.  In  Figure 
11.5.13(b),  the  compression  surface  at  the  base  of  the  indentor  (striker-pin 
penetration)  is  shown.  The  nodular* like  metal  protrusions  are  indicative  of 
probable  melting.  Evidence  for  melting  at  the  base  of  the  shear  lip  is  shown  for 
WL049-T851  in  Figure  II. 5. 14.  Here  the  metal  has  melted;  flowed  on  the  base  of 
the  indentation,  and,  in  the  process,  obliterated  the  specimen  machining  marks. 
The  irregularities  on  the  shear  lip  probably  represent  inclusion— striker -pin 
reactions  in  which  the  inclusions  have  been  partially  separated  from  the  matrix. 
In  Figure  II. 5. 15,  specimens  of  2219 -T87  show  strong  evidence  for  melting  at  the 
base  of  the  shear  lip  and  subsequent  flow  down  and  onto  the  base  of  the 
indentation . 


II. 5. 2.  Open-Cup  Mechanical-Impact  Tests 

II. 5. 2.1.  Initial  Report  of  Reactions  Observed  bv  WSTF  Staff 

The  results  of  open-cup  testing  in  the  WSTF  modified  tester  in  LOX  are 
summarized  in  Table  II. 5. 2.  Initially,  ten  specimens  were  impacted  from  each 
alloy,  at  10  kg*m  (72  ft* lb),  8  kg*m  (58  ft* lb),  and  6  kg* a.  (43  ft* lb). 

Additional  sets  of  ten  specimens  were  tested  at  lower  energy  levels,  decreasing 
by  2  kg*m  intervals,  until  there  were  two  energy  levels  at  which  no  reactions 
occurred.  After  this  effort  to  establish  thresholds  was  completed,  additional 
sets  of  ten  tests  were  run  on  selected  alloys  and  tempers  at  energy  levels  above 
threshold,  resulting  in  the  final  sets  of  20  tests  shown  in  the  table. 

According  to  NASA  NHB  8060. IB  (Paragraph  413) , 1  a  reaction  is  "an  audible 
explosion,  a  flash  (electronically  or  visually  detected),  evidence  of  burning 
(obvious  charring)  or  a  major  discoloration  (due  only  to  ignition  rather  than 
other  phenomena)."  The  terms  "explosion,”  "flash,"  "burning,"  "charring,"  and 
"discoloration"  are  not  further  defined  or  specified  in  that  document.  No 
audible  explosions  or  major  discolorations  were  noted  by  WSTF  personnel  in  this 
test  series  without  observation  of  a  flash  or  a  burn.  The  numbers  of  flashes  and 
bums  are  reported  in  Table  II. 5. 2.  Since  a  bum  was  always  accompanied  by  a 
flash,  the  total  number  of  reactions  is  equal  to  the  number  of  flashes.  (The  one 
exception  is  WL049-T651,  impacted  at  10  kg*m,  where  one  bum  did  not  have  a 
recorded  flash.) 

All  seven  alloys  tested  in  LOX  had  reactions  at  10,  8,  or  6  kg*m  according 
to  the  above  definitions  as  interpreted  by  the  WSTF  personnel  engaged  in  running 
these  and  similar  impact  tests.  The  8090-T8771  alloy  reacted  at  10  and  8  kg*m, 
the  2090-T81  alloy  reacted  at  10,  8,  and  6  kg-m,  the  WL049  alloy,  tempers  T851 
and  T6S1,  reacted  at  10  and  8  kg*m,  and  tempers  T87  and  T851  reacted  at  10  kg-m, 
and  temper  T37  reacted  at  8  kg*m  for  alloy  2219.  The  percentage  of  reactions  for 
all  alloys  is  plotted  as  a  function  of  impact  energy  in  Figure  II. 5. 16.  A 
correlation  of  Increased  reaction  percentage  with  increasing  impact  energy  is 
observed,  except  for  alloy  2219  where  not  enough  reactions  were  observed  to 
define  a  curve  on  the  graph. 

The  Al-Li  alloys  all  showed  charring  obvious  to  the  naked  eye,  whereas  the 
2219  tempers  (T37,  T851,  and  T87)  showed  no  obvious  evidence  of  charring.  The 
2219  tempers  did,  however,  each  flash  one  to  two  times  when  impacted.  Thus,  the 
2219  tempers,  by  the  definitions  given  above,  did  exhibit  reactions,  but  the 
frequency  of  reactions,  on  this  "macro"  scale,  was  less  than  for  the  Al-Li 
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Figure  II. 5. 13.  Regions  of  localized  melting  on  shear  lip  (a,  1000X)  and 
on  compression  surface  (b ,  500X)  of  2090-T87  (10  kg-m, 
GOX)  . 
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Figure  II. 5. 15.  Localized  melting  in  2219-T851  (10  kg-m,  GOX)  at  the 
root  of  the  shear  lip.  In  both  (a)  and  (b)  the  shear 
lip  is  on  the  top,  the  indentation  (with  specimen 
machining  markings  still  showing)  on  the  bottom. 
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Table  II.  5. 2.  Results  of  Open  Cup  Mechanical  Impact  Tests  in  LOX,  Ambient  Pressure. 


Alloy 

Energy, 
kg-m  (ft'lb) 

No .  of 
specimens 

No .  of 
flashes* 

No.  of 
burns 

Rebound 
height , 
cm  (in) 

8090-T8771 

10 

(72) 

20 

14 

7 

16.5 

(6.5) 

8090-T8771 

8 

(58) 

10 

1 

1 

19.0 

(7.5) 

8090-T8771 

6 

(43) 

10 

0 

0 

21.6 

(8.5) 

8090-T8771 

4 

(29) 

10 

0 

0 

18.3 

(7.2) 

2090-T81 

10 

(72) 

20 

11 

4 

22.3 

(8.0) 

2090-T81 

8 

(58) 

20 

9 

3 

18.0 

(7.1) 

2090-T81 

6 

(43) 

20 

3 

2 

16.0 

(6.3) 

2090-T81 

4 

(29) 

10 

0 

0 

17.8 

(7.0) 

2090-T81 

2 

(14) 

10 

0 

0 

11.9 

(4.7) 

WL049 -T851 

10 

(72) 

20 

9 

3 

26.7 

(10.5) 

WL049-T851 

8 

(58) 

20 

3 

1 

27.9 

(11.0) 

WL049-T851 

6 

(43) 

20 

0 

0 

26.9 

(10.6) 

WL049 -T851 

4 

(29) 

10 

0 

0 

20.1 

(7.9) 

WL049-T651 

10 

(72) 

20 

9 

7 

29.9 

(11.4) 

WL049-T651 

8 

(58) 

10 

3 

1 

25.1 

(9.9) 

WL049-T651 

6 

(43) 

10 

0 

0 

25.9 

(10.2) 

WL049 -T651 

4 

(29) 

10 

0 

0 

22.4 

(8.8) 

2219-T87 

10 

(72) 

20 

1 

0 

23.4 

(9.1) 

2219-T87 

8 

(58) 

20 

0 

0 

25.7 

(10.1) 

2219-T87 

6 

(43) 

10 

0 

0 

23.1 

(9.1) 

2219-T851 

10 

(72) 

10 

1 

0 

36.1 

(14.2) 

2219-T851 

8 

(58) 

10 

0 

0 

36.6 

(14.4) 

2219-T851 

6 

(43) 

10 

0 

0 

28.7 

(11.3) 

2219-T37 

10 

(72) 

10 

0 

0 

35.1 

(13.8) 

2219-T37 

8 

(58) 

10 

2 

0 

22.1 

(8.7) 

2219-T37 

6 

(43) 

10 

0 

0 

25.7 

(10.1) 

2219-T37 

4 

(29 

10 

0 

0 

17.0 

(6.7) 

•^Equivalent  to  total  number  of  reactions.  (Exception:  WL049-T651, 
impacted  at  10  kgm,  where  one  burn  did  not  have  a  recorded  flash.) 
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PENETRATION  DEPTH,  mm  £  REACTION  PERCENTAGE 


POTENTIAL  ENERGY,  kg  m 


:e  II. 5. 16.  Percentage  of  reactions  vs.  potential  (impact)  energy 
for  open-cup  tests  in  LOX. 


Figure  II. 5. 17.  Average  penetration  deith  vs.  potential  (impact)  energy 
for  open-cup  tests  in  LOX. 
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alloys.  The  relative  frequencies  of  reaction  changed  when  the  impacted  specimens 
were  examined  more  closely  under  increasing  powers  of  magnification.  This 
finding  is  reported  and  discussed  in  Section  II. 7.4.2. 

Table  II. 5.2  also  shows  the  average  rebound  heights  for  the  plummet  after 
the  initial  impact .  This  is  an  average  of  3  rebound  heights  recorded  out  of  each 
group  of  ten  specimens'  that  were  tested.  Low  rebound  height  correlates  with 
increased  absorbtion  of  energy  by  the  specimen  at  constant  impact  (potential) 
energy. 

11. 5. 2. 2.  Physical  Measurements  on  Specimens 

The  following  parameters  were  measured  on  each  impacted  specimen:  impact 
depth  (penetration  depth),  presence  or  absence  of  splits  and  shear  lips,  and 
eccentricity  of  impact.  These  measurements  are  presented  in  Tables  II. 5. 3  and 
II. 5.4.  The  penetration  depth,  d,  is  the  difference  between  the  original 
specimen  thickness  and  the  reduced  specimen  thickness  in  the  impact  area, 
measured  with  a  micrometer.  However,  since  the  original  specimen  thicknesses 
were  not  measured  and  tracked  through  the  test  process,  d  was  actually  taken  as 
the  difference  between  the  specimen  thickness  in  the  outer,  unimpacted  area,  and 
the  inner,  impacted  area.  (If  the  thickness  of  the  impacted  area  was  not  uniform, 
an  average  of  measurements  at  the  smallest  and  largest  thickness  was  used.)  The 
uncertainty  in  this  measurement  is  estimated  about  ±  0.05  mm  (0.002  in). 

Splitting  is  defined  as  a  through -thickness  fracture  of  the  specimen  that 
usually  is  associated  with  gross  opening  of  the  crack  mouth.  See  Section 

1. 5. 1.2.  The  shear- lip  deformation  is  described  in  Sections  1.5.1.  and  I. 5. 3. 2., 
accompanied  by  figures  that  illustrate  typical  features.  Eccentricity  of  impact 
is  defined  as  the  distance  between  the  center  of  the  specimen  and  the  center  of 
the  striker-pin  impact  area. 

The  average  penetration  depth  for  each  alloy  is  plotted  against  impact 
energy  in  Figure  II. 5. 17.  A  correlation  of  increasing  penetration  depth  with 
increasing  impact  (potential)  energy  is  observed,  as  expected,  for  all  alloys. 
When  reaction  percentage  is  plotted  against  penetration  depth  (Figure  II. 5. 18), 
the  plot  is  similar  to  that  for  reaction  percentage  against  impact  energy.  Table 
II. 5. 3  presents  information  on  the  average  penetration  depth  of  specimens  that 
flashed  or  burned  or  had  splits.  The  reader  is  cautioned  against  drawing 
erroneous  conclusions  from  Table  II. 5. 3.  For  example,  in  the  first  row  of  this 
table,  a  comparison  of  the  average  impact  depth  (0.61  mm)  with  the  average  depth 
for  splits  (0.62  mm)  at  first  suggests  that  splits  do  not  affect  impact  depth. 
However,  as  discussed  below,  penetration  depth  and  percentage  of  splits  are 
correlated.  The  two  averages  quoted  were  obtained  on  virtually  the  same  sets  of 
specimens,  since  18  out  of  20  specimens  had  splits. 

Table  II. 5. 4  indicates  that  eccentric  loading  of  the  specimen  was  the  rule 
rather  than  the  exception.  The  severity  of  the  state  of  stress  is  increased  with 
the  eccentric  loading.  The  average  eccentricity  is  plotted  as  a  function  of 
penetration  depth  in  Figure  II. 5. 19.  No  correlation  is  evident.  However,  Figure 
II. 5. 20,  which  shows  the  percentage  of  splits  plotted  against  the  penetration 
depth,  does  show  a  correlation  of  splits  with  penetration  depth,  especially  for 
the  Al-Li  alloys.  The  percentage  of  splits  also  increases  with  impact  or 
potential -energy  level  (Figure  II. 5. 21),  as  would  be  expected  from  the 
correlation  of  penetration  depth  with  impact  energy.  Splits  usually  occur  before 
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Table  II. 5. 3.  Summary  of  Physical  Measurements:  On  Specimens  in  LOX,  Ambient  Pressure. 
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2219-T37  10  (72)  10  0.29  (0.0114) 

2219-T37  8  (58)  10  0.36  (0.0142)  0.51  (0.0199)  0.43  (0.0169) 

2219-T37  6  (43)  10  0.21  (0.0082) 

2219-T37  4  (29)  10  0.12  (0.0049) 
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2219-T37  10  (72)  10  10  0  0  1.52  (0.060) 

2219-T37  8  (58)  10  110  2.03  (0.080)  2.54  (0.100)  2.54  (0.100) 

2219-T37  6  (43)  10  000  0.46  (0.018) 

2219-T37  4  (29)  10  000  0.86  (0.034) 


AVERAGE  ECCENTRICITY,  mm  2  REACTION  PERCENTAGE 


II. 5. 18.  Percentage  of  reactions  vs.  average  penetration  depth 
for  open-cup  tests  in  LOX. 
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Figure  II. 5. 19.  Average  eccentricity  vs.  average  penetration  depth  for 
open-cup  tests  in  LOX  with  a  potential  (impact)  energy 
of  10  kg»m. 
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SPLIT  PERCENTAGE 


PENETRATION  DEPTH,  mm 


Figure  II. 5. 20.  Percentage  of  splits  vs.  average  penetration  depth  for 
open-cup  tests  in  LOX. 
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Figure  II. 5. 21.  Percentage  of  splits  vs.  potential  (Impact)  energy  for 
open-cup  tests  in  LOX. 
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the  deformation  process  has  been  completed:  an  abrupt  change  in  the  angle  of 
striker-pin  striations  is  observed  on  the  shear  lip  of  a  specimen  when  a  split  is 
present.  The  splitting  event  then  allows  a  greater  absorption  of  energy  by  the 
specimen,  as  indicated  by  the  greater  penetration  depths  measured  on  a  set  of 
specimens  when  the  percent  of  splitting  is  high.  The  large  number  of  splits  in 
the  present  series  of  tests  is  in  marked  contrast  with  the  results  in  Part  I 
open-cup  testing  at  WSTF.  (See  Table  1.5.1,  in  which  one  split  and  two  cracks 
were  noted  in  132  tests.) 

II. 5. 2. 3.  Macroreactions  in  Open-Cup  Tests 

Macroreactions  occurred  predominantly  on  shear  lips  in  the  open-cup  tests. 

In  8090-T8771,  all  macroreactions  occurred  along  the  shear  lip,  as  illustrated  in 
Figure  11.5.22.  In  this  specimen,  there  were  large  reactions  on  both  sides  of 
the  split,  that  extended  over  a  long  distance  along  the  shear  lip. 

In  Figure  II.  5. 23,  a  small  reaction  in  2090-T81  is  present  on  the  shear  lip. 
In  Figure  II. 5. 24,  one  reaction  is  evident  in  2090-T81  that  extends  along  the 
shear  lip  and  another  smaller  reaction  is  evident  at  the  crack  below  the  shear 
lip.  The  reaction  site  at  the  crack  is  very  rare;  it  is  the  only  detected 
reaction  found  to  definitely  initiate  at  a  crack  site.  In  2090-T81,  some 
reactions  were  stronger,  and  essentially  burned  out  the  material  between  the 
shear  lip  and  the  specimen  perimeter  (Figure  II. 5. 25).  This  reaction  started  on 
the  shear  lip  and  mostly  burned  outward. 

A  reaction  in  WL049-T851  that  initiated  in  several  locations  along  the 
shear  lip  is  shown  in  Figure  II. 5. 26,  The  features  of  the  striation  from  the 
striker  pin  on  the  blackened  surface  and  on  the  specimen  at  the  base  of  the  shear 
lip  suggest  that  the  reaction  occurred  during  the  impact  and  severely  deformed 
the  contour  of  the  striker  pin.  The  macroreaction  in  WL049-T651,  shown  in  Figure 
II. 5. 27,  is  the  only  initiation  site  at  a  split  in  this  series  of  tests.  Many 
splits  were  carefully  examined,  using  optical  microscopy  and  SEM,  and  no  other 
macroreactions  and  only  a  few  microreactions  were  observed.  Notice  in  Figure 
II. 5.28  that  the  blackened  oxide  flow  lines  indicate  that  the  reaction  origin  is 
along  the  crack  (split) . 

A  reaction  at  the  bottom  of  a  shear  lip  of  alloy  2219-T851  is  shown  in 
Figure  II. 5.29.  At  the  top  of  the  photograph  a  portion  of  a  split  is  present. 

The  darkened  area  on  the  specimen  perimeter  is  caused  by  lighting  and  is  not  a 
burned  area. 


II. 5. 3.  Pressurized  Mechanical -Impact  Tests 

II. 5. 3.1.  Initial  Report  of  Reactions  Observed  bv  WSTF  Staff 

The  results  of  the  pressurized  impact  testing  in  the  WSTF  modified 
pressurized  impact  machine  are  summarized  in  Table  II. 5. 5.  A  Taguchi  test 
matrix,  shown  in  Table  II.4.1,  was  used  in  an  attempt  to  evaluate  the  relative 
effects  of  impact  energy,  pressure,  and  alloy  type  on  the  reaction  probability. 
There  were  no  recorded  "macro"  reactions  in  any  alloy  tested  in  GOX  under  the 
test  conditions  of  the  matrix.  In  LOX,  there  were  reactions  (all  burns)  in  2090- 
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Figure  II. 5. 22. 


Two  reactions  in  8090-T8771  (10  kg-ra,  open-cup  LOX) 
extend  over  large  distances  or  shear  lip.  (5X) 


that 
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Figure  II. 5. 23.  Small  reaction  on  shear  lip  of  alloy  2090-T81  (8  kgm, 
open-cup  LOX) .  (5X) 


33 


Figure  II. 5. 24.  Reactions  in  2090-T81  (6  kg-m,  open-cup  LOX)  along  shear 
lip  and  at  crack.  Note  the  even  smaller  reaction  below, 
and  to  the  left  of,  the  reaction  at  the  crack.  (5X) 
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Figure  II. 5. 25.  Two  extensive  reactions  in  2090  (6  kg-m,  open-cup  LOX) 
that  initiated  on  shear  lip.  (5X) 
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Figure  II. 5. 26.  Macroreaction  on  shear  lip  of  WL049-T851  (10  kg-m,  open- 
cup  LOX) .  (5X) 
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Figure  II. 5. 27  Macroreaction  at  split  in  WL049-T651  (10  kg-m,  open-cup 
LOX) .  (5X) 


Figure  II. 5. 28.  Reaction  on  shear  lip  of  WL049-T651  (10  kgra,  open-cup 
LOX) .  ( 5X) 
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Figure  II. 5. 29.  Reaction  on  shear  lip  of  alloy  2219-T851  (10  kgm,  open- 
cup  LOX) .  (5X) 
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Table  II. 5. 5.  Results  of  Pressurized  Mechanical  Impact  Tests. 
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es  of  20  tests  at  the  specified  test 


T81  at  6  kg-m  and  0.35  MPa  (50  psi) ,  and  in  WL049-T851  at  10  kg-m  and  0.35  MPa 
(50  psi)  and  at  8  kg-m  and  0.69  MPa  (100  psi).  The  operational  definition  of 
"reaction"  at  this  macro  level  is  noted  above,  in  Section  II. 5. 2.1.  Appendix 
II. A.  discusses  the  problems  in  interpreting  the  Taguchi  matrix  when  the  number 
of  macroreactions  is  so  low.  One  observation  is  that  the  reaction  threshold 
needs  to  be  determined  before  the  matrix  is  finalized.  Section  II. 7. 4. 2. 
discusses  the  results  of  a  closer  examination  of  the  specimens  under  higher 
powers  of  magnification.  The  lesser  number  of  macroreactions,  as  compared  to 
results  of  open-cup  testing,  is  analyzed  further  in  Section  11.5.3.3. 

11. 5. 3. 2.  Physical  Measurements  on  Specimens 

The  physical  measurements  on  the  specimens  were  made  as  described  above  in 
Section  II. 5. 2.1.  Tables  II. 5. 6  and  II. 5. 7  show  that  the  modifications  to  the 
pressurized  tester  increased  the  energy  absorbed  by  the  specimen,  as  evidenced  by 
the  indentation  depths  of  0.04-0.59  mm  (0.3017—0.0232  in)  and  large  numbers  of 
splits.  Pressurized  tests  at  WSTF  reported  in  Part  I  resulted  in  indentation 
depths  of  0.0229—0.4039  mm  (0.0009—0.0159  in)  for  similar  impact  energy  levels  on 
1.6-mm  (1/16-in)  specimens  (see  Tables  I.C.13  and  16).  Penetration  depth  is 
plotted  versus  reaction  energy  in  Figure  II. 5. 30.  A  positive  correlation  is 
observed,  as  expected.  Figure  II. 5. 31,  in  which  percentage  of  splits  is  plotted 
versus  average  penetration  depth,  shows  that  there  were  more  splits  in  specimens 
in  LOX  than  in  GOX,  even  though  the  impact  depths  were  approximately  the  same. 

For  example,  WL049-T851  had  no  splits  in  GOX  at  10  kg-m  and  0.035  MPa  (50  psi) 
with  an  average  depth  of  0.32  mm  (0.0126  in),  whereas  the  same  alloy  and  temper 
had  5  splits  in  LOX  under  the  same  conditions  with  an  average  depth  of  0.32  mm 
(0.0125  in).  The  2219-T87  alloy  had  no  splits  in  GOX  at  10  kg-m  and  ambient 
pressure  and  an  average  depth  of  0.34  mm  (0.0161  in),  but  in  LOX,  under  the  same 
conditions,  had  8  splits  with  an  average  depth  of  0.411  mm  (0.0175  in).  The 
rebound  heights  for  the  alloys  that  split  were  usually  lower,  at  the  same  impact- 
energy  levels,  than  for  alloys  that  did  not  split. 

The  eccentricity  of  the  impact  strike  is  plotted  versus  the  average 
penetration  depth  in  Figure  II. 5. 32.  Again,  as  noted  for  the  open-cup  tests, 
there  is  no  correlation.  However,  the  eccentricity  in  LOX  was  much  greater  chan 
in  GOX.  This  is  because  the  specimen-cup  insert  was  not  used  in  the  LOX  tests, 
leaving  the  specimen  more  freedom  to  move  off  center.  This  was  done  to  prevent 
constraint' of  the  specimen  by  the  insert.  Since  the  pressurized  GOX  tests  were 
run  first,  difficulties  with  the  specimens  sticking  in  the  inserts  led  to  the 
change  in  procedure  for  the  pressurized  LOX  tests. 

11. 5. 3. 3.  Comparison  of  Macroreactions  and  Physical  Measurements. 

Pressurized  and  Ooen-Cup  Tests 

Table  II. 5. 8  compares  average  penetration  depths,  d,  and  rebound 
heights  in  the  pressurized  GOX  and  LOX  tests  with  the  corresponding 
parameters  from  the  present  series  of  open-cup  tests  for  the  three  alloys 
(2090-T81,  WL049-T851,  and  2219-T87)  for  which  comparative  data  are 
available.  Since  the  uncertainty  in  measuring  the  penetration  depths  is 
about  ±  0.05  mm  (0.002  in),  it  is  clear  that  there  is  no  significant 
difference  between  d  for  the  GOX  or  LOX  environment  in  the  pressurized 
tests.  However,  for  the  WL049-T851  and  perhaps  the  2219-T87  alloys,  there 
does  appear  to  be  a  decrease  in  d  in  the  pressurized  tests  as  compared  with 
the  open-cup  tests.  Examination  of  Table  II. 5. 2  shows  that  the 


61 


Table  II. 5. 6.  Summary  of  Physical  Measurements:  On  Specimens  In  LOX  and  GOX,  Ambient  and  Pressurized  Environment. 
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Summary  of  Physical  Measurements :  Splits  and  Eccentricity,  on  Specimens  In  GOX,  LOX,  Ambient  and  Pressurized 
Environment . 
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Figure  II. 5. 30.  Average  penetration  depth  vs.  potential  (impact)  energy 
for  pressurized  tests  in  LOX  and  GOX. 


Figure  II. 5. 31.  Percentage  of  splits  vs.  average  penetration  depth  for 
pressurized  tests  in  LOX  and  GOX. 
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AVERAGE  ECCENTRICITY,  mm 


AVERAGE  PENETRATION  DEPTH,  mm 


Figure  II. 5. 32.  Average  eccentricity  vs.  average  penetration  depth  for 
pressurized  tests  in  LOX  and  GOX  with  a  potential 
(iapact)  energy  of  10  kg' a. 
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macroreaction  frequency  for  the  Al-Li  alloys  decreases  sharply  between  10 
and  8  kgm.  Thus,  tests  at  10-kg-m  impact  (potential)  energy  are  at,  or 
just  above,  the  reaction  threshold,  so  a  small  decrease  in  the  absorbed 
energy  of  the  specimen  in  the  pressurized  system  could  drastically  reduce 
the  observed  macroreaction  frequency. 

A  further  possible  cause  for  the  lowered  reaction  frequency  in 
pressurized  testing  is  the  change  in  methodology  for  observing  flashes. 

These  were  visually  observed  by  a  technician  in  the  open-cup  testing  and 
recorded  by  a  photocell  in  the  pressurized  tests.  It  is  thought  that  the 
photocell  might  have  been  located  so  close  to  the  striker  pin  that  the  field 
of  vision  was  limited.  Note  that  the  number  cf  flashes  in  Table  II. 5. 2 
exceeded  the  number  of  burns  (charring  evident  to  the  naked  eye). 

The  difference  between  the  impact,  or  potential  energy,  Ep,  and  the 
recoil  energy,  Er,  is  plotted  versus  the  average  penetration  depth,  d,  for 
the  three  alloys  for  which  comparative  open- cup  and  pressurized  data,  are 
available  in  Figure  II. 5. 33.  Equation  (8-1)  from  Section  1.8.1.  indicates 
that  the  quantity  on  the  y-axis,  Ep  —  Er,  should  be  equal  to  Ef  +  Ea,  where 
Ef  denotes  the  frictional  energy  losses  absorbed  in  the  machine,  and  Ea  is 
the  energy  absorbed  by  the  specimen.  Equation  (7-6)  from  Section  I. 7. 1.6. 
shows  that  Ea  should  be  linearly  proportional  to  the  impact  depth  of  the 
specimen.  The  offset  of  about  15  J  on  the  y-axis  (3  —  0)  corresponds  to  Ef . 
Ep  —  Er  is  a  linear  function  of  d,  as  expected.  The  slight  offset  in  the 
linear  relationship  for  VL049-T851  as  compared  with  2090-T81  is  due  to  the 
increased  splitting  in  the  latter  alloy,  which  allows  a  greater  penetration 
depth.  The  difference  in  splitting  behavior_in  the  two  alloys  is  explained 
in  Section  II. 5. 1.4.  The  increase  in  Ea  or  d  with  increasing  impact  energy 
(Ep)  can  be  understood  by  reference  to  Section  1.8.5.  and  Figure  1.8.1(a) 
which  give  idealized  stress-strain  diagrams.  Increasing  Ep  allows  the 
stress,  a,  on  the  specimen  to  increse ;  thus,  c  -  3/h  (h  -  specimen 
thickness)  is  increased,  as  is  Ea,  the  area  under  the  stress -strain  curve. 


I I. 5. 4.  Comparison  of  Mechanical -Impact  Equipment  and 
Procedures  at  VSTF,  MSFC,  and  SSFL 

Comparisons  of  the  three  pressurized  mechanical -impact  testers  at  VSTF, 
MSFC  and  SSFL  were  previously  made  by  Bransford  et  al.s  and  Bryan6  and  in 
Section  1.5.5.  of  Part  I.  The  present  summary  is  based  on  further  data  from 
Part  II  of  the  mechanical- impact  testing  at  VSTF.  As  mentioned  in  Part  I  of 
this  report,  specimens  tested  in  the  VSTF  machines  did  not  absorb  as  much 
energy  as  did  specimens  in  the  SSFL  and  MSFC  machines.  The  VSTF  ABMA  test 
machine  was  modified  for  this  program  by  changing  from  an  Al-alloy  cup  and 
stainless-steel  insert  to  the  use  of  a  Ni-based  alloy  cup  only.  The  VSTF 
pressurized  machine  was  also  modified  so  that  it  would  deliver  more  absorbed 
energy  into  the  specimens. 

As  explained  above'  in  Section  II. 4. 4.,  disks  of  annealed  304  stainless 
steel  were  found  to  be  inadequate  to  calibrate  impact  depths  and  absorbed 
energies  of  the  specimens  for  the  particular  combinations  of  test  alloys  and 
specimen-cup  materials  in  this  program.  For  thio  reason,  a  series  of  2090- 
T81  comparison  specimens  .from  the  12. 4-ora  (1/2-in)  plate  in  the 
3 -mm  (1/8-  in)  thickness  were  impacted  to  evaluate  and  compare  the 
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Figure  II. 5. 33.  Absorbed  energy  vs.  penetration  depth  for  open-cup  and 
pressurized  tests  in  LOX  and  GOX. 
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energy  absorbed  by  the  specimens  in  the  modified  machines.  Table  II. 5.9 
shows  that  the  impact  depths  from  the  modified  open-cup  machine  were  deeper 
than  those  from  the  MSFC  and  SSFL  pressurized  machines.  Table  II. 5. 9  also 
shows  that  the  average  penetration  depth  from  the  2090-T81  specimens  tested 
in  the  USTF  pressurized  machine  are  now  also  larger  than  the  average  depths 
from  comparable  specimens  impacted  at  MSFC  or  SSFL.  Thus,  the  modifications 
outlined  in  Sections  II. 4. 2.1.  and  II. 4. 3.1.  of  this  report,  enabled  the 
pressurized  impact  machine  to  deliver  an  adequate  amount  of  energy  to  the 
specimens.  The  test  procedure  was  also  changed  so  that  among  every  group  of 
20  specimens,  a  single  2090-T81  comparison  specimen  was  impacted  in  order  to 
ensure  that  the  system  was  operating  consistently.  These  single  comparison 
specimens  had  impact  depths  ranging  from  0.43  ma  (0.017  in)  to  0.58  mm 
(0.023  in),  within  expected  scatter  for  the  penetration-depth  measurement. 

In  Part  II  of  this  program,  ail  load-train  components  in  the  open-cup 
and  pressurized  machines  were  examined  for  adherence  to  the  NASA  NHB 
8060. IB1  specifications.  In  particular,  the  pin  surfaces  and  radii  were 
checked  for  conformance  to  the  specification  described  earlier  in  Section 
I. 5. 3. 3.  All  parts  were  found  to  be  within  specification.  As  mentioned 
before,  the  specified  Al-alloy  cup  and  insert  were  eliminated  and  replaced 
with  a  Ni-based  alloy  cup  in  the  open-cup  machine.  Although  this  was  a 
deviation  from  the  specification,  it  was  a  necessary  change  to  increase  the 
level  of  absorbed  energy  in  the  Al-Li  and  2219  specimens. 

The  specimen- changing  procedure  for  the  USTF  pressurized  tests  differs 
from  the  MSFC  and  SSFL  procedure  in  that  the  specimen  is  installed  by 
lifting  the  pressurized  machine  and  placing  the  pre-cooled  specimen  and  cup 
on  the  anvil.  The  specimen  and  cup  are  cooled  by  pouring  LOX  through  the 
top  of  the  chamber.  This  procedure  is  outlined  in  Section  II. 4. 3.1.,  above. 

In  conclusion,  both  of  the  modified  USTF  impact  test  machines,  open-cup 
and  pressurized,  deliver  at  least  as  much  energy  into  the  specimen  as  do 
other  test  facilities. 


II. 5. 5.  Promoted- Combustion  Tests 

Most  results  of  the  proraoted-combustion  tests,  conducted  at  USTF,  are 
contained  in  the  interim  report  (Section  1.5.6.  and  Appendix  I.B.). 
Additional  tests  were  conducted  on  8090-T8771,  WL049-T851,  2219-T851,  and 
2219-T87  (Table  II. 5. 10).  Graphs  and  all  data  are  contained  in  Figures 
II.5.34(a-g) .  These  are  summarized  in  Figure  II. 5. 35.  From  these  figures, 
it  is  clear  that  the  threshold  oxygen  pressure  to  cause  complete  burns  in 
all  Al-Li  alloys  [2.1  MPa,  (300  psi)]  is  an  order  of  magnitude  higher  than 
the  threshold  energy  for  complete  bums  in  all  2219  tempers  [0.21  MPa  (30 
psi)].  The  data  are  very  consistent  and  conclusive.  The  Al-Li  alloys  are 
less  flammable  than  alloy  2219  in  the  presence  of  oxygen  under  pressure. 
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Table  II. 5. 9.  Comparison  of  Specimen  ImpacC  Depths 

2090-T81  (12.5-mm  plate,  3-mra  thick  comparison  samples). 


Machine 

Energy, 
kg*m  (ft* lb) 

Environment 

Impact  Depth, 
mm  (in) 

Average  Depth, 
mm  Cin) 

WSTF 

10 

<72) 

LOX, Ambient 

0.584 

(0.0230) 

Open  cup 

0.536 

(0.0211) 

0.511 

(0.0201) 

0.528 

(0.0208) 

0.427 

(0.0168) 

0.589 

(0.0232) 

WSTF 

11 

(79) 

LOX, Ambient 

0.554 

(0.0218) 

Open  cup 

0.602 

(0.0237) 

0.632 

(0.0249) 

0.643 

(0.0253) 

0.749 

(0.0295) 

0.676 

(0.0266) 

MSFL 

10 

(72) 

LOX, 0.69  MPa, 

0.368 

(0.0145) 

pressurized 

(500  psi) 

SSFL 

10 

(72) 

LOX, 0.55  MPa, 

0.345 

(0.0136) 

pressurized 

(400  psi) 

WSTF 

10 

(72) 

LOX .Ambient 

0.46 

(0.018) 

pressurized 

0.48 

(0.019) 

0.51 

(0.020) 

0.478 

(0.0188) 

0.51 

(0.020) 

0.43 

(0.017) 
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Table  II. 5. 10.  Results  of  Promoted* Combustion  Tests  from  WSTF 
on  Specimens  14.7  cm  Long. 


15 


20 


25  30 


40 


-Test  Pressure, - 

psia 

50  60  65  70 


80  200  250  300  400 


Alloy 


Length  of  Specimen  Consumed,  cm 


8090-T8771 

8090-T8151 

8090-T3** 

2.1 

1.7 

2090-T81 

(12.7-mm 

0.2 

plate) 

WL049-T851 
(Lot  1) 

WL049-T651 

WL049-T351 

2.2 

2219-T87 

3.4 

CB 

10.0 

(Lot  No. 

0.3 

8.2 

294592) 

12.3 

CB 

CB 

► 

CB 

2219-T851 

0.6 

3.5 

CB 

4.7 

CB 

1.6 

11.8 

2219-T37 

0.2 

8.0 

6.4 

13.6 

CB 

CB 

CB 

2.0 


6.4 


1.6 


3.8 

1.6 


3.4 


CB 


9.7 

CB 


CB 


CB 


3.4 

3.5 

3.4 

3.1 

2.6 
2.8 

3.5 
3.3 

3.6 

2.8 

3.1 

3.5 


3.7 

3.2 
3.1 

3.1 

1.5 

3.3 


CB 


4.2 

4.2 

5.4 


4.2 

CB 

6.7 

3.5 

3.8 

5.0 

CB 

9.8 

5.6 

CB 


CB 


CB 


*CB  -  Complete  Bum 
**Initial  Specimen  Length  -  12.2cm 
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Figure  II. 5. 34.  Bum  length  vs.  test  pressure  for  (a)  8090-T8771,  (b) 
8090-T8151 ,  (c)  8090-T3 ,  (d)  2090-T81,  12.7-mm  thick 
plate,  (e)  WL049-T851,  (f)  WL049-T651,  (g)  WL049-T351, 
(h)  2219-T87 ,  (i)  2219-T851,  and  (j)  2219-T37.  (See  next 
two  pages  for  continuation  of  figure.) 
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TEST  PRESSURE,  psia 


TEST  PRESSURE,  piia 


Figure  II. 5. 34.,  continued 


Figure  II. 5. 34.  continued 


TEST  PRESSURE,  psia 


Figure  II. 5. 35.  Summary  of  bum  length  vs.  test  pressure  of  fitted 

curves  for  the  following  alloys:  8090  (tempers  T8771, 
T8151 ,  and  T3 ) ;  2090-T81;  WL049  (tempers  T851,  T651, 
and  T351);  and  2219  (tempers  T87,  T851,  and  T37). 
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I I. 6.  IGNITION  TEMPERATURES  AND  CONDITIONS 


II. 6.1.  Experimental  Studies  of  Ignition  Temperature  of  A1  in  O2 

The  ignition  temperature  of  Al  in  O2  varies  significantly  in  different 
experiments  because  the  condition  of  the  protective  oxide  layer  is  the 
determining  factor.  A  survey  of  the  literature  in  Part  I  of  this  report 
(Section  1.6.2.)  reported  ignition  temperatures  that  varied  from  923  to 
2318  K.  In  fact,  a  single  ignition  temperature  may  be  well  defined  only  for 
metals,  such  as  Mg,  that  don't  form  a  protective  oxide  layer.7  Metals  with 
a  protective  oxide  layer,  in  general,  should  not  ignite  until  they  melt;  the 
mobility  in  the  liquid  state  can  cause  rupture  at  the  film.8  A  fresh  Al 
surface  very  quickly  forms  an  oxide  layer  of  about  20  nm  (200  A);  then, 
further  oxidation  is  very  slow.®  Often,  ignition  temperature  experiments  on 
metals  are  done  with  small  spheres10’11*12  usually  placed  in  a  furnace  but 
sometimes  in  a  flame  of  known  temperature.  The  AI2O3  not  only  has  a  high 
melting  point  (2318  K)  ,  but  also,  it  is  less  dense  than  the  metal,  so  it 
does  not  sink  into  the  molten  metal.  Thus,  the  small  Al  spheres  retain 
enough  integrity  to  preserve  the  outer  oxide  layer  even  above  the  melting 
temperature  of  Al,  and  ignition  of  even  small  spheres  (35-45-pm  diameter) 
may  not  be  observed  until  the  temperature  is  within  100-400  K  of  the  oxide 
melting  temperatures.13’10’14  If  the  oxide  skin  is  broken,  "catastrophic," 
i.e.,  excessive,  oxidation  rather  than  ignition  may  result  under  certain 
conditions. 15  In  laser  Ignition  of  230— 680-/im  spheres  in  air  or  O2,  the 
initial  flame  tongue  appeared  at  only  one  point  of  the  particle  surface; 
this  was  interpreted  as  indicating  that  ignition  was  preceded  by  a 
disruption  of  the  oxide  film.18 

Although  the  protective  surface -oxide  layer  is  very  influential  in 
preventing  ignition,  the  actual  ignition  event  may  not  be  a  surface- 
oxidation  reaction,  but  rather  a  vapor-gas  reaction.17  This  conclusion  was 
reached  in  experiments  in  which  3— 4-mm  spheres  were  heated  in  Ar  and 
ignition  did  not  occur,  even  without  oxide,  until  the  temperature  was 
greater  than  2038  K.  Even  in  experiments  on  atomized  Al  (~  10-100-pm 
diameter)  in  which  ignition  temperatures  as  low  as  923  K  (cloud)  or  1033  K 
(layer)  were  reported,  it  was  stated  that  the  atomized  Al  usually  did  not 
ignite  after  heating  in  the  furnace,  but  only  if  a  high  voltage  spark  also 
was  present.18  This  difference  was  ascribed  to  the  disruption  of  the 
oxidized  surface  by  the  spark,  because  ignition  was  readily  obtained  in  the 
furnace  with  flaked  Al  with  a  protective  stearic -acid  coating  that  prevented 
formation  of  the  oxide  layer.  Flash  ignition  in  foils  also  occurred  well 
below  the  melting  point  of  the  oxide . 1 4 

In  the  experiments  described  above,  the  closest  analogue  to  the 
conditions  under  which  ignition  may  occur  in  impact  testing  appears  to  be 
the  cases  described  in  References  18  and  14,  in  which  a  spark  suddenly 
disrupted  the  protective  oxide  coating  in  the  presence  of  O2  while  the 
thermal  conditions  necessary  for  ignitions  existed,  i.e.,  T  >  932  K.  Thus, 
it  is  hypothesized  that  a  microreaction  could  occur  if  a  part  of  the 
specimen  attains  temperatures  near  the  melting  point  of  an  Al  or  Al-Li 
alloy. 
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I I. 6. 2.  Experimental  Studies  of  Ignition  Temperature  of  A1  in  N2 

Under  experimental  conditions  where  particles  in  O2  ignited  only  after 
melting  of  AI2O3,  lower  ignition  temperatures  were  obtained  in  gaseous  N2 
(-  1520-1620  K)  chan  in  gaseous  O2.  This  is  thought  to  occur  because  the 
aluminum  nitride  does  not  form  a  barrier  to  diffusion.  Evidence  of  N  as  a 
reactant  has  been  reported  by  several  authors. 19 130,31  This  means  that 
"control”  experiments  in  LN2  to  determine  whether  microreactions  are  some 
sort  of  artifact  or  are  truly  reactions  of  the  test  alloy  with  O2,  could  be 
misleading  because  surface  reactions  with  N2  could  also  occur. 
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II . 7 .  DISCUSSION 


II. 7.1.  Absorbed  Energy 

In  our  interim  report  (Part  I)  we  argued  that  the  absorbed  energy  of 
the  specimen  is  the  dominant  factor  affecting  reactions  in  the  mechanical - 
impact  test  for  oxygen  compatibility.  Ve  suggested  that  WSTF  modify  their 
open-cup  and  pressurized  test  equipment  to  impart  more  energy  to  the 
specimen  and  to  prevent  the  loss  of  energy  from  high  striker-pin  rebounds. 
This  could  be  accomplished  by  reducing  the  resiliency  of  the  restraining 
system  (see  Section  I. 7. 2. 3.).  Both  sets  of  test  equipment  were  modified 
and  the  absorbed  energy  of  the  specimens  greatly  increased.  This  led  to 
reactions  in  both  systems,  similar  to  those  found  in  MSFC  tests  in  Part  I  of 
the  program. 

We  defined  two  ways  to  calculate  the  absorbed  energy  (Ea) . 

(1)  From  knowledge  of  the  penetration  depth  of  the  striker-pin  indentation: 

Ea  “  ac€dvc  +  (7'1) 

where  ac  is  the  average  compressive  flow  stress,  cd  is  the  compressive 
specimen  strain,  Vc  is  the  compressed  volume,  o^  is  the  average  tensile  hoop 
stress,  ec  is  the  tangential  specimen  strain,  and  Vc  is  the  volume  of  the 
specimen  under  tensile  stress.  For  2090-T81  we  estimate,  using  equation 
(7-6)  in  Section  I. 7. 1.6.,  that  Ea  -  53  J  for  Ep  -  10  kgm. 

(2)  The  absorbed  energy  may  also  be  estimated  using  the  relationship 

Ea  -  Ep  -  Er  -  Ef  (7-2) 

where  Ep  is  the  potential  energy  of  the  pluanet-striker-pin  assembly,  Er  is 
the  energy  lost  from  rebound  of  the  striker  pin  following  specimen  impact, 
and  Ef  is  the  energy  lost  from  friction  during  the  fall  of  the  striker  pin 
to  impact.  This  approach  is  discussed  in  Sections  1.8.1.  and  1.8.2.  in  the 
interim  report,  tfe  estimated  that  Ea  -  65  J  for  conditions  during 
mechanical  impact  at  10  kg-m  for  alloy  2090  at  MSFC  facilities. 

In  the  recent  test  program  at  WSTF  we  obtained  more  extensive 
information  on  penetration  depths  and  rebound  heights  as  a  function  of  Ep 
(drop  height)  to  permit  firmer  estimates  of  Ea.  In  Figure  II. 7.1,  Ea 
calculated  from  specimen  deformation  characteristics  [using  Equation  (7-1)] 
is  plotted  versus  Ea  calculated  from  rebound  heights  [using  Equation  (7-2)]. 
Clearly,  there  is  good  linear  correlation  between  the  two  methods  of 
calculation.  For  the  calculations  of  Ea  from  penetration  depths,  we  assumed 
that  ac  -  ojj  and  that  «c,  Vc,  and  Vt  are  linear  functions  of  <4.  Thus, 


Ea'  -  -  Ea  (7-3) 

where  the  primes  refer  to  the  new  WSTF  data,  Ea  -  53  J,  and 

<d  -  d/h  where  d  -  0.033  mm  (0.013  in)  and  h  -  1.59  an  (0.0625  in). 
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All  open-cup  and  pressurized  LOX  and  GOX  data  are  plotted  in  Figure 

II. 7.1.  With  some  scatter,  all  fall  on  the  same  straight  lines,  independent 
of  test  machine,  test  temperature,  or  alloy  temper.  The  data  are  separated 
into  two  alloy  groups:  2090  and  8090  ih  one,  and  WLC49  and  2219  in  the 
other.  The  higher  values  of  Ea  for  alloys  2090  and  8090  from  penetration- 
depth  measurements  [using  Equation  (7-1)]  result  from  more  extensive 
specimen  splitting.  If  the  specimen  splits,  the  measured  penetration  depths 
are  larger.  Additional  discussion  is  included  in  Section  II. 7. 3. 

The  slight  offsets  at  Ea  (penetration  depths)  ■  0  on  the  Ea  (rebound 
height)  axis  suggest  that  there  are  undetermined  system  energy  losses  of 
about  10  J.  Contributions  to  these  losses  could  come  from  friction,  and 
vibration  of  the  support  and  plummet  system.  The  equivalence  of  these 
trends  for  both  open-cup  and  pressurized  test  assemblies  suggests  that 
vibrational  losses  are  the  major  contributors. 


II. 7. 2.  Splits 

The  absorbed  energy  of  the  specimens  from  the  impact  of  the  striker  pin 
is  usually  sufficient  to  induce  cracks  in  Al  alloys.  In  many  cases  a  large 
crack  develops  on  the  specimen  perimeter  and  grows  inward;  this  is  called  a 
split.  The  fracture  surfaces  of  splits  are  similar  to  the  fracture  surfaces 
of  tensile  specimens  (interim  report,  Section  I. 5.1.).  From  analysis  of  the 
stress  distributions  presented  in  Section  II. 5.1.,  one  would  expect  that  the 
energy  to  induce  splits  on  mechanical  impact  would  be  a  function  of  the 
product  of  the  tensile  strength  and  the  tensile  elongation  to  failure. 

In  Figure  II. 7. 2,  we  plot  the  tensile  fracture  energy  versus  the 
minimum  absorbed  energy  to  induce  splits  in  open- cup  tests  for  the  alloys 
8090-T8771 ,  2090-T81,  WL049,  tempers  T851  and  T651,  and  2219,  tempers  T87, 
T851,  and  T37.  The  minimum  absorbed  energy  was  estimated  from  striker-pin 
penetration  depths  at  the  lowest  impact  energy  for  which  splits  were 
observed.  The  transverse-  (T)  orientation  tensile  strength  and  elongation 
data  at  76  K  were  used  to  obtain  an  estimate  of  fracture  energy.  The  T 
orientation  was  used  because  the  splits  have  been  shown  to  propagate  in  the 
L  direction.  There  is  reasonable  correlation  between  these  variables  as 
illustrated  in  Figure  II. 7. 2.  This  suggests  that  very  high  tensile  hoop 
forces  cause  splitting  of  the  specimens  on  impact. 


II. 7. 3.  Rebound  Heights 

The  average  rebound  heights  from  open-cup  tests  on  three  alloys  (2090- 
T81,  WL049-T851,  and  2219-T87)  are  plotted  versus  potential  energy  (drop 
height)  in  Figure  11.7.3(a)  for  unsplit  specimens  and  in  Figure  11.7.3(b) 
for  split  specimens.  The  rebound  heights  Increased  as  the  potential  energy 
was  increased  in  both  cases.  However,  values  for  the  split  specimens  are 
lower  by  about  100  mm  (4  in)  at  each  energy  level.  The  reduced  rebound 
heights  for  the  impacts  that  resulted  in  split  specimens  indicate  that 
splitting  is  associated  with  energy  absorption.  The  approximate  value  of 
the  absorbed  energy  consumed  in  splitting  is  estimated  to  be  9  J,  using  AE  - 
mgAh  where  Ah  -  100  am  (4  in) .  The  difference  between  the  absorbed- energy 
curves  (Figure  II. 7.1)  of  the  alloys  that  split  extensively  (2090-T81  and  78 
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Figure  II. 7.1.  Absorbed  energy,  calculated  from  specimen  deformation 
characteristics,  vs.  absorbed  energy,  calculated  from 
rebound  heights. 
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Minimum  Absorbed  Energy  for  Splitting,  J 


Figure  II. 7. 2.  Tensile  fracture  energy  vs.  ainimua  absorbed  energy 
needed  to  induce  splits  in  open-cup  tests. 
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Figure  II. 7. 3.  Average  rebound  heighc  vs.  potential  energy  from  open- 
cup  tests  where  (a)  splits  did  not  occur,  and  (b)  where 
the  specimen  split. 
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8090-T8771)  and  the  alloys  that  split  less  (WL049-T851  and  2219-T87)  is  also 
about  9  J . 


The  increase  of  the  rebound  height  with  potential  energy  is  expected, 
despite  the  inelastic  nature  of  the  striker -pin-specimen  collision.  The 
increase  suggests  thAt  at  each  potential- energy  level,  a  higher  stress  is 
obtained  in  the  specimen.  This  higher  stress  ensures  higher  stored  elastic 
energy  and,  thus,  a  higher  rebound.  Possibly,  small  distinctions  between 
the  various  alloys  in  the  unsplit  specimen  data  may  be  attributed  to  flow 
strength  variations  between  alloys. 


II . 7 . 4 .  Reactions 

For  this  report,  a  reaction  is  defined  as  localized  oxidation  or 
burning,  leaving  remnant  oxidation  products  (that  result  in  localized 
discoloration)  and  material  transfer  (ranging  from  absence,  such  as  a  hole, 
to  flow  and  spraying) .  The  term,  reaction,  is  identified  by  test  laboratory 
personnel  (using  their  judgment  and  experience)  following  test-standard 
(NASA  NHB  8060. IB1)  specifications  as  related  to  burned  or  charred  areas, 
flashing,  audibility,  and  discoloration.  Ve  point  out  that  in  standard  NASA 
NHB  8060. IB  there  is  no  explicit  definition  of  a  reaction. 

Reactions  in  A1  alloys  in  mechanical- impact  tests  require  three 
conditions:  (1)  extensive  local  deformation,  (2)  the  presence  of  oxygen, 

and  (3)  an  oxide -free  surface.  Under  mechanical- impact  conditions  in  which 
a  potential  energy  of  98  J  (10  kg‘m)  is  used,  local  deformation  may  be 
excessive  and  the  associated  very  high  temperature  increases  may  lead  to 
localized  melting.  Oxygen  *.s  present  abundantly  except  under  the  striker 
pin  on  both  sides  of  the  specimen.  An  oxide-free  surface  is  provided  by 
cracking,  splitting,  or  the  scraping  of  the  striker  pin  as  it  penetrates  the 
specimen  during  impact. 

n-7.4.1.  tfiamRaatiana 

In  8090-T8771,  microreactions  were  observed  in  the  SEN  on  the  shear 
lip.  Two  of  these  for  10  kg-m,  pressurized  L0X  tests  are  shown  in  Figure 
II. 7. 4.  Quite  possibly,  the  combination  of  heavy  axial  compression  and 
radial  shear  deformation  with  frictional  heating  and  ridge  formation 
satisfied,  locally,  the  conditions  to  achieve  local  melting  and  oxidation. 

In  2090-T81,  microreactions  were  detected  on  both  sides  of  the 
specimens.  On  the  underside ,  microreactions  were  always  observed  in  the 
area  between  the  striker-pin  indentation  and  the  outside  specimen  perimeter. 
Typical  microreactions  are  shown  in  Figure  II. 7. 5.  Some  appear  to  be 
associated  with  grain- boundary  precipitates,  second  phase  particles  and, 
perhaps,  with  clusters  of  second  phase  particles.  Examples  of  shear- lip 
microreactions  are  shown  in  Figure  II. 7. 6.  Notice  that  these  are  more 
symmetric.  In  Figure  11.7.6(b),  there  is  clear  evidence  of  oxide 
solidification  cracking.  In  Figure  11.7.6(c),  there  is  evidence  for  local 
melting,  combined  with  local  oxidation. 
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Figure  II. 7. A.  Local  microreaction  on  shear  lip  of  8090-T8771  from  10 
kgm,  pressurized  LOX  test.  (100X)  (SEM) 


Figure  II. 7. 5.  Local  microreactions  on  back  of  2090-T81  specimens  from 
10  kg-m,  pressurized  GOX  tests  (a)  50X,  (b)  500X,  (c) 
1000X,  and  (d)  1000X.  (See  next  page  for  continuation 
of  figure . ) 
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Figure  II. 7. 6.  Microreactions  on  the  shear  lip  of  2090-T81  specimens 

from  10  kg • m  GOX  tests,  (a)  1000X,  (b)  3000X,  (c)  1000X, 
and  (d)  50X .  (See  next  page  for  continuation  of 
figure . ) 
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In  WL049-T851,  microreactions  were  detected  on  the  shear  lip  and  on  the 
top  surface  of  the  specimen  between  the  shear  lip  and  outside  perimeter. 

The  microreactions  on  the  specimen  surface  appear  to  be  associated  with 
second  phase  particles  [Figure  11.7.7(a)].  Similarly,  microreactions  on  the 
shear  lip  [Figure  II . 7 . 1 (h , c) ]  may  be  associated  with  second  phase 
particles,  but  chemical  analyses  of  the  particles  remaining  (or  formed)  in 
the  darkened  regions  is  needed  for  association  with  the  local  reaction. 

In  2219,  microreactions  were  found  on  the  shear  lip  [Figure 
II . 7 . 8(a,b) ] ,  the  bottom  of  the  shear  lip  [Figure  11.7.8(c)],  on  the  under 
surface  of  the  specimen  [Figure  11.7.8(d)],  and  under  the  striker  pin 
[Figure  II . 7 .8(e, f) ] .  The  microreaction  on  the  under  surface  seemed  to  be 
associated  with  grain  boundaries.  Under  the  striker  pin,  most  traces  of  the 
striations  from  milling  were  obliterated  [Figure  11.7.8(e)]  and  small 
apparent  oxide  particles  were  observed  at  higher  magnification  [Figure 
7.8(f)]. 

It  is  important  to  note  that  none  of  the  specimens  photographed  in 
Figures  II. 7. 4  to  II. 7. 8  were  identified  as  "reacted"  following  standard 
WSTF  mechanical- impact  test  procedures. 

Macro-  and  microreactions  on  the  shear  lip  were  undoubtedly  assisted  by 
frictional  forces  that  served  both  to  remove  oxide  layers  and  to  contribute 
to  localized  heating.  The  microreactions  on  the  top  or  bottom  surfaces  of 
the  specimens  originated  at  either  specimen  inhomogeneities,  such  as  second 
phase  particles,  or  as  a  result  of  heavy  deformation,  such  as  adiabatic 
shear  bands. 

II. 7. 4. 2.  Size  of  Reactions 

Under  NASA  specification  NHB  8060. IB1,  reactions  are  judged  to  occur  if 
a  flash  is  detected  during  the  impact  or  if  a  burned  or  charred  area  on  the 
specimen  is  visually  observed.  In  Part  I,  no  flashes  were  observed  in  WSTF 
tests.  In  the  MSFC  pressurized  test  apparatus,  instrumentation  to  detect 
flashes  was  not  in  use.  In  Part  II  at  WSTF,  numerous  flashes  were  recorded 
in  open-cup  tests,  hut  no  flashes  were  recorded  in  pressurized  tests 
(perhaps  because  the  position  of  the  photocell  was  too  close  to  the  striker 
pin,  limiting  detection  to  a  small  region  around  the  circumference  of  the 
specimen) . 

In  Part  I,  all  but  one  burn  recorded  at  MSFC  occurred  along  the  shear 
lip  of  the  specimen.  In  Part  II,  all  but  one  of  the  burns  recorded  in  WSTF 
open-cup  and  pressurized  tests  were  also  found  to  occur  along  the  shear  lip. 

Specimens  (10  each  of  2090-T81,  WL049-T851,  and  2219-T87)  from  open-cup 
and  pressurized  tests  in  the  Part  II  program  at  WSTF  were  examined  using  a 
2X  power  magnifying  glass,  a  50X  power  optical  microscope,  and  an  up  to 
2000X  power  scanning  electron  microscope.  The  results  of  our  observations 
are  summarized  in  Table  II.  7.1.  Examining  those  specimens  from  the 
pressurized-machine  tests  using  a  magnifying  glass,  three  more  burns  were 
detected  on  the  shear  lips  in  2090  and  WL049.  Many  "microreactions"  (19 
more  reactions)  were  observed  on  both  the  shear  lip  and  under  surface 
(outside  the  striker-pin-impression  area)  using  the  optical  microscope  on 
the  same  three  alloys.  Using  the  SEM,  many  microreactions  were  found  both 
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Microreactions  on  the  top  specimen  surface  (a)  100X,  . 
shear  lip  (b)  3000X,  and  (c)  1500X  of  WL049-T851  from 
pressurized  LOX  tests  at  10  kg-m.  (See  next  page  for 
continuation  of  figure.) 


Figure  II. 7. 7.,  continued 
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Figure  II. 7. 8.  Microreactions  in  2219  from  pressurized  LOX  and  GOX 

tests  on  shear  lip  (a)  T851,  75X  and  (b)  T87 ,  200X,  at 
bottom  of  shear  lip  (c)  T87,  500X,  on  back  (d)  T87, 
1000X,  and  under  striker-pin  indentation  (e)  T87,  5X  and 
(f)  T851,  1000X.  (See  next  2  pages  for  continuation  of 
figure . ) 
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on  the  shear  lip  and  on  both  surfaces.  Here  we  use  "many"  to  indicate  that, 
if  one  took  special  precautions  to  count,  perhaps,  over  50  reactions  per 
specimen  would  be  identified.  The  term  "some"  refers  to  less  than  about  50 
reactions.  Figure  II. 7.9  schematically  illustrates  these  observations:  as 
the  optical  power  of  the  observation  increases,  the  number  of  observed 
reactions  increases. 

These  observations  raise  the  question  of  a  proper  definition  for  a 
reaction.  Clearly,  all  alloys  are  "reacting,"  but  in  some  alloys  the 
propagation  of  the  reaction  event  is  greater.  Another  variable  in 
identification  of  reactions  is  the  ingenuity  and  observational  ability  of 
the  test  personnel  charged  with  identification  of  reactions.  Following 
identification  of  burns  using  a  magnifying  glass,  it  was  relatively  easy  in 
2  of  3  cases  to  visually  "see"  the  burn  on  the  shear  lip  by  proper  tilting 
of  the  specimen  with  respect  to  the  light  field. 

Thus,  the  credibility  of  this  test  depends  on  proper  identification  of 
reactions.  Should  one  characterize  microreactions  as  "reactions"?  Research 
relating  the  size  of  the  reacted  area  to  performance  has  not  been  conducted. 
Yet,  for  the  mechanical- impact  test  to  be  judged  a  creditable  test  for 
identifying  safe  materials  for  aerospace  applications,  linkage  between 
performance  and  reaction  size  is  necessary. 


1 1 . 7 . 5  .  Reaction/Fracture  Relationship 

In  Section  II. 7. 2.,  the  forces  that  result  in  specimen  splitting  have 
been  associated  with  tensile  (hoop)  stresses.  These  tensile  stresses  along 
the  specimen  perimeter  result  from  the  shear  forces  that  act  to  expand  the 
specimen  radially,  in  all  directions.  The  constraint  to  this  radial 
expansion  results  in  the  hoop  stress.  It  was  demonstrated  that  these 
tensile  stresses  produce  specimen  splitting  (see  Figure  II. 7. 2  and 
associated  discussion).  Additionally,  the  fractography  of  split  faces 
matches  that  for  tensile  failures  at  equivalent  temperatures  (interim 
report,  Section  1. 5.).  Therefore,  specimen  splitting  may  be  equated  to 
tensile  failure.  A  minimum  absorbed  energy  for  splitting  can  be  estimated 
for  each  alloy  by  using  the  minimum  striker-pin  penetration  depth  and 
calculating  Ea  from  Equation  (7-1). 

Similarly,  one  can  estimate  the  minimum  absorbed  energy  for  reactions 
(macroreactions)  in  each  alloy.  The  minimum  striker-pin  penetration  depths 
at  which  a  reaction  occurs  is  converted  to  Ea  using  Equation  (7-1). 

In  Figure  II. 7. 10,  the  minimum  absorbed  energy  to  cause  a  reaction  is 
plotted  versus  the  minimum  absorbed  energy  to  cause  splitting.  The  solid 
line  denotes  equivalent  energies.  For  all  alloys  in  this  program,  the 
minimum  absorbed  energy  to  cause  a  reaction  is  equal  to,  or  larger  than,  the 
minimum  absorbed  energy  to  cause  splitting.  That  is,  for  all  alloys  tensile 
failure  will  accompany  or  precede  a  reaction.  There  is  one  known  specimen 
reaction  that  is  an  exception.  In  the  LOX  pressurized  mechanical -impact 
tests  on  WL049-T851  at  8  kgm  and  0.69-MPa  (100-psi)  pressure,  one  specimen 
reacted  on  the  shear  lip,  but  no  specimens  split. 

Thus,  from  a  performance  standpoint,  one  may  preclude  ignition  (under 
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Figure  II. 7. 9.  Number  of  observed  reactions  vs.  optical  power  of  the 
observation. 


Figure  II. 7. 10.  Minimum  absorbed  energy  to  cause  a  reaction  vs.  minimum 
absorbed  energy  to  cause  splitting. 
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conditions  simulated  by  the  mechanical- impact  test)  by  proper  design  to 
prevent  tensile  failure. 


11.7.6.  Reactions  in  Al-Li  Alloys  and  Alloy  2219 

From  open-cup  mechanical- impact  tests,  the  number  of  recorded  reactions 
(flashes,  burned  areas)  from  visual  (IX)  observation  for  the  Al-Li  alloys  is 
greater  than  for  alloy  2219.  Using  Table  II. 7.1,  the  recorded  reactions  for 
2090  and  WL049  average  6.S  per  20  specimens  at  10  1cg*m  (LOX) ,  while  for  2219 
there  is  one  recorded  reaction  for  20  tests.  If  one  uses  a  magnifying 
glass,  the  Al-Li  average  increases  to  8.5  per  20  specimens,  the  2219  total 
increases  to  2  reactions  per  20  tests.  Therefore,  there  are  approximately  4 
times  more  macroreactions  in  Al-Li  alloys,  compared  with  2219. 

However,  when  one  uses  more  optical  power  to  examine  the  surfaces  in 
greater  detail,  the  relative  frequencies  of  reactions  change.  Using  optical 
microscopy  to  look  for  microreactions,  we  found  that  three  specimens  of  2090 
that  had  previously  been  observed  to  not  have  a  reaction,  exhibit  local 
reacted  areas.  For  WL049,  six  more  new  specimens  were  observed  to  have 
microreactions  and  for  2219,  six  more  new  specimens  have  microreac cions . 
Alloys  UL049  and  2219  have  slightly  more  specimens  exhibiting  microreactions 
than  alloy  2090.  If  one  considers  both  macro-  and  microreactions,  one  would 
conclude  that  Al-Li  alloys  and  alloy  2219  were  similar.  This  conclusion 
holds  at  lower  potential -energy  levels  for  open-cup  tests,  also.  While  the 
Al-Li  alloys  have  more  macroreactions,  2219  has  the  equivalent  number  or 
more  microreactions. 

In  pressurized  LOX  and  GOX  mechanical -impact  tests,  the  same  conclusion 
also  is  apparent  from  Table  II. 7.1.  Al-Li  alloys  have  more  macroreactions ,“ 
2219  has  as  many  or  more  microreactions.  Thus,  judging  from  all  detected 
reactions,  the  alloys  must  be  considered  similar;  juding  from  reactions 
detected  visually,  2219  is  better. 

The  increased  frequency  of  macroreaction  for  the  Al-Li  alloys  compared 
to  alloy  2219  may  be  associated  with  the  time  for  propagation  of  a  thermal 
transient  [Equation  (5-1)].  A  relative  estimate  of  this  time  is  obtained  by 
comparing  the  ratio  Cp/K;  results  were  presented  in  Table  II. 5.1.  The  time 
to  propagate  a  thermal  transient  is  a  factor  of  two  greater  for  2090  than 
for  2219  over  the  temperature  range  from  90  K  to  room  temperature.  Longer 
thermal -propagation  times  may  be  associated  with  longer  times  to  establish 
thermal  equilibrium.  A  sudden  thermal  spike,  from  a  mechanical  impact,  is 
dissipated  about  twice  as  rapidly  in  2219  as  in  2090.  A  larger  increase  in 
temperature,  locally,  is  expected  in  2090  than  in  2219  from  equivalent 
reaction  sites  (nuclei). 

There  are  other  plausible  explanations  for  the  apparent  larger  size  of 
reactions  in  Al-Li  alloys.  (1)  The  deformation  of  Al-Li  alloys  is  more 
anisotropic  than  in  2219.  This  anisotropic  behavior  will  tend  to  localize 
deformation,  and  thus  temperature  increases.  (2)  As  discussed  in  Section 
II. 5. 1.7.,  adiabatic  shear-band  formation  is  more  prevalent  in  Al-Li  alloys 
Chan  in  2219.  These  shear  bands  can  result  in  considerably  higher  localized 
temperatures.  (3)  Perhaps  the  exothermic  oxidation  reaction  in  Al-Li  alloys 
releases  more  energy  than  in  2219  (Al-Cu  alloy) .  We  are  not  aware  of  data 
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for  comparison. 

The  observations  of  very  frequent  microreactions  in  all  alloys  suggest 
chat  reactions  nucleate  (initiate)  about  equally  in  these  alloys. 

The  proaoted-combustlon  results  from  VSTF  are  discussed  in  Section 
11.5.4.  They  are  clear.  The  flammability  of  alloy  2219  is  much  more 
sensitive  to  oxygen  pressure  than  are  the  flammabilities  of  the  Al-Li 
alloys.  The  transition  from  exhausted  burning  to  fall  bums  occurs  at  about 
0.21  MPa  (30  psi)  for  2219  and  at  about  1.7  MPa  (250  psi)  for  Al-Li  alloys. 
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II. 8.  SUMMARY 


II. 8.1.  Definition  of  Reaction 

A  proper  definition  for  a  reaction  from  mechanical  impact  in  LOX  or  GOX 
is  problematical.  Reactions  (oxidation  and  material  transfer)  have  been 
shown  to  range  from  the  macro-scale,  visible  with  the  naked  eye,  to  the 
micro-scale,  visible  only  with  the  SEM.  Microreactions  are  much  more 
frequent  than  macroreactions,  as  depicted  schematically  in  Figure  II. 7. 9. 
Detection  of  smaller  macroreactions  depends  on  the  angle  of  lighting,  skill 
of  the  observer,  and  amount  of  discoloration,  unless  a  magnifying  glass  is 
used.  Therefore,  for  metal  alloys  that  have  a  reaction  threshold,  within 
the  range  of  absorbed  energy  used  in  the  mechanical- impact  tests,  the 
definition  and  adjudication  of  an  ignition  event  by  identification  of  a 
"burned"  or  "charred"  area  is  quite  arbitrary. 

Another  event  defined  as  a  reaction  is  flashing.  Flashes  could  not  be 
identified  with  the  pressurized  equipment  at  MSFC  as  the  detector  was  not  in 
use.  Perhaps  flashes  only  within  a  very  restricted  region  can  be  detected 
with  the  pressurized  equipment  at  WSTF.  Yet,  when  detection  equipment  was 
operating-  in  the  open-cup  WSTF  tests  in  our  Part  II  program,  numerous 
flashes  were  detected.  Specimens  that  flashed  exhibited  microreactions. 

A  problem  with  the  definition  of  a  reaction  ignition  has  been 
identified.  This  lack  of  clarity  is  compounded  by  lack  of  correlation  of 
reactability  from  mechanical -impact  tests  with  prototypical  or  in-service 
performance.  This  uncertainty  of  the  definition  of  a  reaction  poses  a 
severe  constraint  in  the  use  of  the  mechanical -impact  test  as  a 
qualification  test  for  metals  for  aerospace  applications.  Clearly,  to  use 
this  test  to  qualify  metals,  macro-  and  micro-reactivities  must  be 
correlated  with  performance  to  permit  identification  of  acceptable  sizes  of 
reactions . 


II. 8. 2.  NASA  Standard  NHB  8060. IB  (Paragraph  413,  test  13) 

The  major  deficiency  in  the  mechanical -impact  test  for  metals  is  the 
inability  to  define  a  reaction  and,  in  so  doing,  to  relate  the  definition  to 
in-service  performance.  Therefore,  we  advise  that  the  test  should  not  be 
used  as  a  qualification  test  until  this  issue  is  resolved. 

However,  as  discussed  in  the  interim  report  (Section  1.8.9. ),  this 
standard  currently  has  other  deficiencies  that  pv.  ait  wide  variations  in 
significant  test  parameters  between  the  test  laboratories.  The  major 
changes  to  address  these  inadequacies  are  listed  here: 

1.  Specifications  should  be  adhered  to  for  striker-pin  geometry  and 
surface  finish. 

2.  Specifications  should  be  required  for  maximum  allowable 
eccentricity  of  striker-pin  impact  area  with  specimen  center. 

3.  New  cleaning  and  quantitative  surface-finish  specifications  for 
metallic  specimens  are  recommended. 
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4.  Temperature  measurement  and  control  of  the  specimen  and  its 
environment  should  be  defined. 

5.  Impact  energy  (E^)  should  be  redefined;  it  should  include  the 
frictional  contributions.  That  is,  -  Ep  -  Ef. 

6.  Results  should  be  stated  in  terms  of  absorbed  energy. 

Ea  “  Ef  —  Er,  not  impact  energy.  Knowledge  of  the  specimen's 
absorbed  energy  permits  comparison  between  laboratories  and 
application  to  failure  analyses. 

7.  Use  of  absorbed  energy  as  a  basis  for  reporting  test  results  and 
for  specifying  test  requirements  would  have  beneficial  results: 

(1)  interlaboratory  results  would  be  comparable,  (2)  failure 
analyses  could  be  realistically  compared  to  test  data,  (3)  alloy - 
to-alloy  comparisons  would  be  meaningful.  (Currently,  Al  alloys 
are  judged  Inferior,  but,  if  their  lower  resiliency  is  considered, 
this  probably  would  not  be  the  case.) 

8.  Twenty  specimens  are  not  sufficient,  statistically,  when  the 
probability  of  ignition  is  less  than  about  0.20  (the  case  of  Al 
alloys  at  65  J  and  in  a  LOX  environment) .  As  discussed  in  Section 
I . 8 . 6 . ,  more  specimens  or  an  increased  impact  energy  are  required 
to  increase  the  confidence  level  of  the  results. 

9.  To  ensure  more  consistent  machine  resiliency  and  better  comparison 
between  open-cup  and  pressurized  tests,  specimen  cups  for  each 
type  of  test  should  be  made  of  the  same  alloy. 

10.  Currently,  there  is  inter laboratory  diversity  in  the  detection  of 
flashes  (MSFC  doesn't  use  any  detectors,  VSTF  does).  The  issue  of 
whether  a  flash  during  impact  represents  a  reaction  (as  currently 
stated  in  the  standard)  must  be  resolved.  Microreactions  were 
always  associated  with  flashes  in  this  series  of  tests. 


II. 8. 3.  Reaction/Fracture  Energies 

In  mechanical -impact  tests  in  a  LOX  or  GOX  environment,  Al  alloys 
experience  very  high  compressive,  shear,  and  tensile  stresses  that  result  in 
extens*  ve  axial  compressive  deformation,  radial  shear  deformation,  and 
circumferential  cracking  (splitting)  under  tensile  (hoop)  stress.  The 
deformation  and  fracture  attributes  have  been  characterized.  It  is 
demonstrated  for  all  Al  alloys  that  the  absorbed  energy  necessary  to  achieve 
reactions  is  equivalent  to,  or  greater  than,  the  tensile  failure  energy. 
Therefore,  the  prevention  of  tensile  failure  in  the  design  of  cryogenic 
tankage  will  preclude  ignition  in  LOX  or  GOX  from  mechanical  impact,  under 
similar  conditions. 


II. 8. 4.  Comparison  of  Al-Li  Alloys  with  2219 

Extensive  mechanical -impact  tests,  using  modified  open-cup  and 
pressurized  equipment  at  VSTF,  have  been  conducted  on  the  alloys  8090,  2090, 
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WL049,  and  2219  in  various  tempers.  Both  LOX  and  GOX  environments,  and 
pressures  up  to  0.69  MPa  (100  psi)  have  been  used.  The  results  suggest  that 
both  react  with  similar  frequency,  but  that  reactions  tend  to  be  larger  in 
Al-Li  alloys,  compared  with  2219.  However,  in  promoted- combustion  tests, 
also  conducted  at  WSTF  in  GOX  at  various  pressures,  Al-Li  alloys  are 
superior  to  2219.  Extensive  burning  in  2219  occurs  at  pressures  on  an  order 
of  magnitude  less  than  that  required  to  achieve  equivalent  burning  in  Al-Li 
alloys . 

Energy  levels  required  to  induce  reactions  in  the  Al  alloys  are 
higher,  or  equivalent  to,  the  energy  required  to  induce  tensile  failure. 

Thus,  proper  design  to  ensure  structural  integrity  will  also  ensure  a  proper 
level  of  oxygen  compatibility.  We  conclude  that  both  Al-Li  alloys  and  2219 
have  equal  potential  for  use  in  oxygen  environments  under  conditions 
equivalent  to  those  simulated  by  mechanical- impact  and  promoted- combustion  tests. 
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I I . 9 .  RECOMMENDATIONS 


*  The  use  of  Al-Li  alloys  is  equivalent  to  the  use  of  alloy  2219  in 
oxygen  environments  under  conditions  for  ALS  cryogenic  tankage  that 
represent  those  simulated  by  mechanical* impact  and  promoted- combusted 
tests . 

*  The  Al  alloys  in  this  program  reacted  at  induced  mechanical  energy 
(absorbed  energy)  levels  either  the  same  as,  or  greater  than,  those 
needed  for  tensile  failure.  Proper  design  to  prevent  tensile  failure 
will  eliminate  reactions  under  similar  conditions. 

*  The  current  mechanical- impact  open-cup  and  pressurized  tests  should  not 
be  used  as  a  qualification  test  for  structural  alloys  for  ALS  cryogenic 
tankage.  Definition  of  a  reaction  is  arbitrary  and  has  not  been 
related  to  service  use.  If  the  definition  of  a  reaction  is  resolved,  a 
number  of  modifications  to  the  impact  tests  are  recommended. 


* 
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APPENDIX  A 


Design  of  Experiment  for  Mechanical  Impact  Testing  of ' 
Aluminum-Lithium  Alloys. 

Bao  Nguyen  and  Bruce  Pham,  Lt,  USAF,  Astronautics  Laboratory,  Air 
Force  Systems  Command,  Edwards  AFB,  CA  (Jun  90). _ 
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For  the  purpose  of  evaluating  the  potential  hazards  of  Aluminum-Lithium 
(Al-Li)  applications  in  oxygen-tank  service,  the  test  program  will  assess 
the  major  factors  which  adversely  affect  material  reactivity  with  oxygen. 
This  appendix  will  address  the  use  of  a  Taguchi  design  of  experiment  to 
study  the  material  reactivity  under  the  mechanical  impact  test  (NASA 
Handbook  8060. IB). 

The  working  group  comprised  of  the  Steering  Committee  of  the  ALDP 
Structures/Materials/Manufacturing  technology  area,  the  National 
Institute  of  Standards  and  Technology  (NIST),  NASA  White  Sands  Test 
Facility  (NASA/WSTF),  and  the  Aerospace  Corporation.  A  summary  of 
potential  causes  and  effects  was  developed  by  the  group  (Fig.  1).  From 
this,  three  main  factors  were  identified  as  the  major  contributing  factors 
to  material  reactivity  under  the  mechanical  impact  tests  with  oxygen. 
These  are  the  impact  energy,  the  oxygen  test  pressure,  and  the  materials 
being  evaluated.  A  potential  interaction  effect  between  the  impact 
energy  and  the  test  pressure  was  also  identified.  This  interaction  may 
have  played  a  role  in  affecting  the  actual  impact  energy  delivered  to  the 
test  sample. 


FIGURE  1:  FISH  BONE  REACTION  HYPOTHESIS 

A  secondary  effect,  the  rresent  of  liquid  oxygen  (LOX)  or  gaseous  oxygen 
(GOX)  which  affects  the  temperature  of  the  test,  was  also  included  into 
the  test  matrix  (Fig.  2).  From  the  thermodynamic  point  of  view,  and 
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based  on  the  extensive  flammability  evaluation  completed  by  the  White 
Sands  Test  Facility,  NASA/Johnson  Space  Center,  for  aluminum-lithium 
alloys,  these  factors  above  constitute  the  combustibility  triangle  (Fig  3). 


FIGURE  2:  LINEAR  GRAPH 


FIGURE  3:  REACTION  TRIANGLE 


The  Taguchi  orthogonal  experiment  array  L9  was  used! .  This  efficient 
array  enabled  the  evaluation  of  the  three  main  effects  above  and  one 
interaction  effect  between  two  of  the  factors.  The  array  is  structured  to 
evaluate  at  three  levels  for  each  of  these  effects  in  a  total  of  9 
experimental  runs.  The  array  was  coupled  with  a  two  level  outer  array 
to  assess  the  effect  of  GOX  and  LOX.  Table  1  illustrate  the  set  up  of  the 
array  with  the  entries  denoting  the  levels  of  setting  for  each  of  the 
effects  being  studied. 
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Table  1 :  Experiment  Array  Lg  (34  X  21) 


For  this  program,  test  chamber  pressure  was  assigned  to  the  main  effect 
column  1,  impact  energy  to  column  2,  and  material  effect  to  column  4. 
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Column  3  was  assigned  to  the  interaction  effect  between  the  impact 
energy  and  the  chamber  pressure. 

Level  1,  2,  and  3  of  the  chamber  pressure  were  set  at  ambient,  50,  and 
100  psi,  respectively.  Similarly,  the  impact  energy  levels  were  10,  8,  and 
6  kg-m.  For  the  material  effect,  the  three  levels  were  Al-2219,  Al-Li 
2090,  and  Weldalite  049.  Both  the  frequency  of  reactions  and  the 
number  of  coupons  which  crack  or  split  when  subjected  to  the  impact 
load  were  recorded. 

A  sampling  population  of  20  impacted  specimens  were  obtained  for  each 
of  the  runs.  For  the  array,  a  total  of  360  specimens  were  tested,  one  half 
in  LOX  and  the  other  half  in  GOX.  To  further  control  the  potential  effect 
due  to  the  drifting  of  equipment  settings,  the  array  was  randomized  prior 
to  the  test.  Impact  energy  was  calibrated  at  the  end  of  each  experiment 
run  with  Al-Li  2090  coupons  to  ensure  the  consistency  of  the  tester.  The 
test  cell  pressure  was  also  tracked  for  each  of  the  impacts  to  record  the 

initial,  transient,  and  final  conditions.  The  results  are  recorded  in  the 

four  rightmost  columns  of  Table  1. 

For  the  purpose  of  evaluation,  reactivity  is  defined  as  evidence  of 
charting  or  burning  which  produces  heavily  oxidized,  melted  metal.  The 
impacted  specimens  were  examined  with  naked -eye  and  50X 
microscopes.  Evidence  of  burning  were  further  studied  using  a  Scanning 
Electron  Microscopy  (SEM)  with  up  to  10,0OOX  magnification  power 
coupled  with  a  chemical  composition  analyzer  to  confirm  the  present  of 
oxygen  as  part  of  the  reaction  byproducts. 

Only  evidence  of  severe  local  melting  in  GOX  was  observed  under  high 
magnification  for  one  coupon  in  run  number  7.  In  the  LOX  environment, 
two  samples  in  run  8  and  4  showed  definite  reactions  which  could  be 

seen  with  the  naked-eye  and  were  confirmed  with  having  heavily 

oxidized  layer.  The  rest  of  the  reactions  was  at  microscopic  level  which 
had  severed  local  melting  with  presents  of  oxygen  in  the  reaction 
byproducts.  Figures  4  through  8  show  the  different  types  of  reaction, 
from  macro  to  micro  levels,  which  were  observed. 

Analyzing  the  results  of  the  array  can  be  visualized  by  drawing  the 
orthogonal  box  for  the  experiment  settings  (Fig.  9).  The  orthogonal 
surfaces  of  the  box  encompass  all  set  of  conditions  to  be  evaluated.  The 
effect  of  each  factors  is  determined  by  comparing  the  aggregated  results 
across  the  orthogonal  surfaces  generated  by  the  changes  of  the  factor  in 
question.  The  impacts  of  other  factors  would  have  canceled  out  due  to 
the  orthogonality  of  the  array. 


no 


Figure  4.  Local  Melting,  Al-Li  2090,  10  Kg-m,  100  psi,  GOX 
Unseen  by  Naked-eye 


in 
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Figure  5.  Macro  Reaction,  Al-Li  2090,  10  Kg-m,  100  psi,  LOX 

(a)  25X  and  (b)  200X  Magnification  of  the  Same  Reaction  Site 
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Figure  6.  Oxidized  Byproduct  within  Reaction  Site 
Weldalite,  8  Kg-m,  100  psi,  LOX 


113 


Figure  7.  Extensive  Macro-Reaction  with  Melted  Spray,  Same  Sample 
of  Weldalite,  10  Kg-m,  50  psi,  LOX 
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Figure  8.  Micro-Reaction  Site  with  Recrystalized  Surface 
Weldalite,  10  Kg-m,  50  psi,  LOX 
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PRESSURE 


Figure  9:  Orthogonality  of  Factors  Evaluated 

Using  data  averaging  method,  the  response  characteristics  are  presented 
in  Table  2  below. 


PRESSURE 

IMPACT 

P-I 

INTERACTION 

MATERIAL 

Levels 

Splits 

Rxns 

Splits 

Rxns 

Splits 

Rxns 

Splits 

Rxns 

1 

0 

ESI 

.33 

3.3 

0 

0 

0 

GCK 

2 

3.3 

0 

WSM 

0 

0 

16.7 

.33 

3 

■m 

.33 

3.3 

0 

.33 

0 

0 

1 

9.3 

0 

1  1 

1.33 

8.3 

.33 

2.6 

0 

LOX 

2 

7.3 

.67 

w&m 

.33 

8.3 

.67 

19 

.67 

3 

1 turn 

1 

0 

.67 

1.6 

1 

Table  2.  Response  Table 

These  numbers  were  plotted  on  the  response  charts.  Figure  10  showed 
that  the  difference  in  reaction  rate  was  negligible  considering  the  number 

of  the  test  specimen,  the  variation  in  the  deformation  load  caused  by  the 

test  equipment,  and  the  low  probability  of  a  reaction  under  impact 

loads^.  Note,  that  the  reaction  frequencies  are  out  of  a  possible  20 

reactions.  Figure  1 1  showed  that  Al-Li  2090  is  the  least  resistant  to 
fracture  under  the  mechanical  impact  test.  Also,  the  number  of  splits 
went  up  in  the  colder  LOX  environment  (95  K  vs.  300  K)  indicates  the 
negative  affect  of  low  temperatures  on  impact  resistance. 
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Figure  10:  Reaction  in  LOX  Environment 
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Figure  11:  Effect  of  Factors  on  Splits 
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CONCLUSION: 


Oxygen  compatibility  for  metal  products  could  not  be  thoroughly  assessed 
using  the  Mechanical  Impact  Test  as  per  the  current  standards  due  to  the 
very  limited  but  widely  scattered  data.  First,  the  impact  load  could  not 
be  delivered  consistently  to  generate  the  same  impact  deformation  on 
every  coupon.  Second,  current  requirements  for  classification  of 
reactions  are  qualitative  and  are  subjected  to  individual  interpretation. 

However,  within  the  parameters  of  the  Mechanical  Impact  Test,  there  are 
no  significant  difference  in  oxygen  compatibility  between  the  aluminum- 
lithium  alloys  studied  and  the  aluminum  2219  being  used  for  the  space 
shuttle  external  tank.  The  frequency  of  reactions  between  the  three 
alloys  studied  was  too  small  to  conclusively  assess  their  compatibility 
with  oxygen. 

Although  there  was  a  strong  tendency  of  fracture  under  impact  load  for 
the  Al-Li  2090,  the  result  may  not  be  representative  of  actual 
application.  Yet,  within  the  same  parameters  of  this  test,  Al-Li  2090  may 
be  more  susceptible  to  impact  damage  due  to  the  fact  that  the  alloy  is  not 
as  ductile  as  A1  2219  or  as  exceptionally  strong  as  Weldalite  049. 
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